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An investigation of CF/PEEK melt behaviour under shear and compression 
deformation, expected during squeeze flow under an ATP roller at processing 
temperatures, was carried out using a combined experimental and modelling approach. 
The project was supported by the Irish Research Council.  
Rheology was employed to examine the viscosity in shear of both PEEK and 
CF/PEEK melts. PEEK melt was characterised using traditional rheological approaches, 
and was found to behave as a linear-viscoelastic, shear-thinning fluid. CF/PEEK melt was 
examined using a novel off-centred technique and was found to be a linear-viscoplastic, 
shear-thinning fluid that exhibited a yield stress. Shear banding is a phenomenon known 
to occur in other yield-stress fluids in the literature. Its presence in CF/PEEK would go 
some way towards explaining the widely varying viscosity results in the literature and the 
variation of viscosity with applied pressure obtained in this work. 
Heterogeneous, two-dimensional, finite-element modelling of carbon fibres in PEEK 
melt was developed in the non-linear finite-element code Abaqus®, to study CF/PEEK 
behaviour more deeply. Such finite-element models rely on accurate material models to 
describe its behaviour. PEEK melt was modelled with a PRF material model, but it was 
found necessary to include friction between fibres to account for the CF/PEEK 
yield-stress. Shear banding was observed in the finite-element model deformation, 
confirming the experimental results. Since shear banding cannot occur in squeeze flow 
such as under an ATP roller, this knowledge helped identify the most suitable 
homogeneous material model, also employing a PRF, to describe CF/PEEK for 
squeeze-flow deformation. 
Using this material model, squeeze flow was modelled under two different ATP 
rollers. It was found that squeezing under a stiff metal roller occurs at high strain rates 
with stresses much higher that the yield stress. In contrast, squeezing under a silicone 
roller occurs at low strain rates, with stresses of a similar magnitude to the yield stress. 
This makes it unlikely that significant squeezing will occur under this roller. Further work 
will be necessary to examine the additional impact of tape tension, while is likely to 
increase the effective yield stress of CF/PEEK when in the ATP system, making it less 
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The nomenclature defined below relates to Chapters 1 to 7. Additional symbols used 
in the Appendices are clearly defined there. 
Upper case 
A  Arrhenius pre-exponential parameter 
RV EA  Cross-sectional area of the RVE model 
T w oFib reA  Cross-sectional area of the two-fibre model 
iA  PRF power-law, strain-hardening model material parameter for branch i  
B  Arrhenius exponential parameter 
sB  Strain-displacement matrix 
iC  Constants of the volumetric strain energy potential 
D  Total drag force 
ABD  Inverse bulk modulus of the Arruda-Boyce, strain-energy potential 
icD  Degree of intimate contact 
ijD  Deformation tensor 
pD  Resultant pressure drag force 
sD  Resultant skin-friction drag force 
E  Young’s modulus 
aE  Arrhenius activation energy 
E  Plane-strain Young’s modulus 
F  Deformation gradient 
A TPF  ATP roller force 
NF  Normal force 
crF  Creep deformation gradient 
eF  Hyperelastic deformation gradient 
fF  Frictional resistance of theoretical element 
frF  Friction force 
hF  Hydrodynamic lubrication force 
pfF  Picture frame force 
poF  Pull-out force (Stanley and Mallon, 2006) 
sF  Fibre spring force 
sqF  Squeezing force (Shuler and Advani, 1996) 
xF  Reaction force on Fibre 1 in the x-direction 
,x FFF  Horizontal contact force on Fibre 2 from Fibre 1 
,x FMF  Horizontal contact force on Fibre 2 from the melt 
,y FFF  Vertical contact force on Fibre 2 from Fibre 1 
,y FMF  Vertical contact force on Fibre 2 from the melt, attempting to lift Fibre 2 off 
Fibre 1 
G  Shear Modulus 
0G  Rate-independent shear modulus 
G  Long term shear modulus of the Arruda-Boyce, strain-energy potential 
ABG  Initial shear modulus of the Arruda-Boyce, strain-energy potential 
MG  Maxwell shear modulus 
iG  Shear modulus of element i (Maxwell model) 
( )rG t  Shear relaxation modulus 
sG  Shear modulus of the spring (Maxwell model) 
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*G  Complex shear modulus 
G , TG  , LG   Storage modulus (total, transverse and longitudinal components) 
G , TG , LG  Loss modulus (total, transverse and longitudinal components) 
sH  Hersey number 
I ,  xxI , yyI  Second moment of area of the rheometer plate (and about the x- and y- axes) 
dI  Identity tensor 
zI  Polar second moment of area of the rheometer plate, about the z- axis 
1I
  First invariant of stretch 
 J t  Creep compliance 
elJ  Elastic volume strain 




Friction factor boundary condition 
0K  Initial bulk modulus of the Arruda-Boyce, strain-energy potential 
L  RVE model height 
B A RL  Linkage bar length for picture frame test 
fL  Fibre length 
minL  Size of the smallest element 
M  Torque on rheometer top plate 
0M  Torque amplitude 
xN  x-components of contact normal forces (CFN1) 
N  components of contact normal force 
P  Pressure 
3P 

  Mean positive pressure plus 3   
3P 

  Mean positive pressure minus 3  
rangeP
  Range of positive pressure 
3P 

  Mean negative pressure plus 3   
3P 

  Mean negative pressure minus 3  
rangeP
  Range of negative pressure 
minP  Lowest pressure in the melt 
gP  Guage pressure 
( )avgP t  Average applied pressure over the tape 
_avg sqP  Minimum average pressure to initiate squeezing 
hydP  Hydrostatic pressure 
( )incP t  Incremental pressure under the roller 
reqP  Required pressure differential across a fibre to overcome friction 
R  Universal gas constant 
fR  RVE ratio of frictional shear stress to global shear stress 
pR  Ratio of contact shear stress to contact normal stress 
S  components of contact shear force 
fS  Spacing between fibre centres 
xS  x-components of contact shear forces (CFS1) 
T  Temperature 
gT  Glass-transition temperature 
mT  Melting temperature 
mT
  Infinite perfect crystal melting temperature 
RT  Trouton Ratio 
0T  Reference temperature (TTS) 
Nomenclature 
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AT Applied tension in fibre (Capstan test) 
BT Measured tension in fibre (Capstan test) 
Lower case 
a Rheometer plate radius 
Ta Shear-rate shift function (TTS) 
0a Initial rectangle height 
b Slip extrapolation length 
Tb Viscosity shift function (TTS) 
0b Initial rectangle width 
dc Dilatational wave speed 
d , d Picture frame actuator displacement and rate 
avgd Average fibre diameter 
cld Contact clearance distance 
ed Matrix of nodal displacements 
fd Fibre diameter 
ld Lateral spacing between fibres 
physd Physical (shortest) distance between the fibre surfaces 
 sqd t Top plate displacement over time 
final
sqd Final top plate displacement 
vd Vertical spacing between fibres in the two-fibre model - numerical 
cre Equivalent creep strain rate 
f Fraction of fluid sheared 
m o vef RVE fraction of fibres that move 
h Gap distance between rheometer plates (sample height) 
1h Shearing band height 
fh Vertical distance between the fibre centres when they are vertically aligned 
ih Initial gap 
tapeh Initial gap between platens/tape model thickness 
ck Transition broadness parameter (Carreau model) 
l Rheometer sample length
( )l t  Contact length 
cl Contact distance 
el Length of element side 
m  Tresca slip coefficient 
Lm Picture frame longitudinal viscosity quantity 
Tm Picture frame transverse viscosity quantity 
im PRF power-law, strain-hardening model material parameter for branch i
n Normal vector to a wall 
Papn Papanastasiou exponent 
iP
n PRF power-law, strain-hardening model material parameter for branch i
fn Number of fibres per unit volume 
in Control node i  
nn Number of nodes across the platen 
pn Power-law index 
tn Number of time increments 
 ,p y t  Normal squeezing pressure 
q Distance between rheometer sample in off-centered balanced arrangement 
Nomenclature 
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nq  Equivalent deviatoric Kirchhoff stress 
r  Radial distance from centre of rheometer plate 
Rr  Roller radius 
s  Time interval of the Duhamel integral 
ijs  Deviatoric (extra) stress tensor 
ns  Parallel rheological framework stiffness ratio of branch number n  
t  Time 
ct  Contact time under the roller 
ict  Time for full intimate contact to take place 
wt  Welding time 
xu  Horizontal displacement   
v  Velocity 
Rv  Roller velocity 
sv  Sliding velocity 
wv  Slip velocity at a wall 
xv  Velocity in the x-direction 
yv  Velocity in the y-direction 
w  Sample width 
tapew  Tape model width 
0w  Initial rectangle spacing 
Greek letters (lowercase) 
  In-plane shearing angle 
  Viscosity pressure coefficient (Barus equation) 
N  Navier-slip coefficient 
 ,   Engineering shear strain amplitude and rate 
R V E , R V E  RVE model global engineering shear strain amplitude and rate 
0RVE
  Near-instantaneous RVE model global engineering shear strain amplitude 
fm , fm  Fibre-melt global shear strain amplitude and rate 
m  Melt global shear strain 
n , n  Apparent shear strain and rate 
s  Shear strain of spring (Maxwell model) 
0  Instantaneously applied constant shear strain 
  Engineering shear strain rate 
T w o Fib re  Two-fibre model global shear strain rate 
critical  Critical shear rate 
d  Shear strain rate of dashpot (Maxwell model) 
global  Global shear rate 
i  RVE model global shear strain rate (i = 1 - 5) 
m  Alternative shear strain rate measure 
s  Shear strain rate of spring (Maxwell model) 
w  Wall shear strain rate 
1  Engineering shear strain rate in the shearing band 
  Phase angle 
  Engineering normal strain 
t
C  True strain in compression 
t
E  True strain in extension 
cr  Equivalent creep strain 
sq , sq  Squeezing strain and rate 
 Nomenclature 
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 , L , T  Shear viscosity (total, longitudinal and transverse components) 
C  Viscosity in compression 
DT  Yield viscosity (O'Donovan and Tanner model) 
E  Viscosity in extension 
M  Maxwell transformed viscosity 
N  Zero-shear-rate viscosity 
R V E  RVE model viscosity 
T w o Fibre  Two-fibre model viscosity 
amb  Shear viscosity at ambient pressure 
d  Shear viscosity of dashpot (Maxwell model)   
fm  Fibre-melt viscosity 
y  Yield-stress viscosity in shear 
maxy
  Homogenised material yield stress viscosity in shear 
0  Zero-shear-rate viscosity (Carreau model) 
23  Transverse shear viscosity 
  Infinite-shear-rate viscosity (Carreau model) 
*  Complex viscosity 
  , T  , L  Dynamic viscosity (total, transverse and longitudinal components) 
  , T  , L   Out-of-phase viscosity (total, transverse and longitudinal components) 
  Rheometer twist angle 
CF  Angular velocity of rheometer top plate 
w  Wrapping angle 
  Fibre volume fraction 
  Relaxation time constant 
c  Terminal relaxation time constant (Carreau model) 
i  Relaxation time of element or branch i 
m  Locking stretch of the Arruda-Boyce, strain-energy potential 
  Lamè’s constant 
AB  Shear modulus of the Arruda-Boyce, strain-energy potential 
eff  Effective coefficient of friction 
f  Coefficient of friction 
fs  Coefficient of static friction 
  Lamè’s constant 
  Poisson’s ratio 
   Plane strain Poisson’s ratio 
  Exponential parameter of temperature shift function (Pipes et al., 1994) 
  Density 
C  Stress in compression 
E  Stress in extension 
ij  Cauchy stress tensor 
rr  Radial stress component 
x  Normal stress component in the x-direction 
y  Yield stress in compression/extension 
maxy
  Yield stress in compression at which all fibres displace 
tapey
  Yield stress in compression of tape model 
zz  Longitudinal stress component 
  Circumferential (hoop) stress component 
   von Mises stress 
y   von Mises yield-stress citerion 
  Shear stress 
Nomenclature 
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M  Maxwell relaxation time 
R V E   RVE model global shear stress 
a  Shear stress at rheometer plate edge 
cont  Contact shear stress at platen interface 
fric  RVE model shear stress caused by friction 
r  Shear stress component 
s  Shear stress of the spring (Maxwell model) 
w  Wall shear stress 
cw
  Critical wall shear stress 
xy  Shear stress component in the xy-direction 
y  Yield stress in shear 
maxy
  Yield stress in shear at which all fibres displace 
0  Instantaneous shear stress 
   Von Mises stress (calculated with the lubrication approximation) 
  Rate of change of shear stress 
  Angular frequency 
Greek letters (uppercase) 
  Amplitude of the twist angle 
  Terminal relaxation time constant 
l  Contact length increment of tape model 
t  Transit time of a dilatational (longitudinal) wave across the smallest element in 
the mesh 
  Arruda-Boyce, strain-energy potential 
 C  Deviatoric component of the Arruda-Boyce, strain-energy potential 
 v J  Volumetric component of the Arruda-Boyce, strain-energy potential 
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Chapter 1 
Introduction and Objectives 
 
1.1 Background 
The use of carbon-fibre-reinforced composite materials has gained popularity in the 
manufacture of high-strength components for many industries including aerospace, 
automotive and sport equipment manufacture. They exhibit high strength and lightness 
compared to their metallic counterparts, coupled with anisotropic material parameters, 
which can be employed to tune component design. These advantages offer reductions in 
the cost of component manufacture and ongoing reductions in fuel consumption and 
running costs. 
The traditional means of composite component manufacture involves the assembly, 
by hand, of layers of fibres pre-impregnated with partially-cured polymer ( “pre-preg”). 
The orientation and location of each layer can be adjusted to tailor the strength and 
stiffness of the final laminate. The component is then consolidated under pressure at 
elevated temperature in an autoclave.  
Automated tape placement (ATP) is a means of manufacturing complex composite 
components that has gained in popularity in recent decades. An ATP system processes 
pre-preg tape with a narrow width (6 to 30 mm). A typical system schematic is shown in 
Figure 1.1. Successive tape layers from a reel under tension, are laid down and 
consolidated under pressure from a roller to form a laminate. At the nip-point, where the 
incoming tape layer and previously-laid laminate meet under the roller, a heat source 
heats both to the polymer melting point. Two categories of heat source are described in 
the literature - a hot gas torch that heats via convection, and a laser that heats via transfer 
of photons of energy. As the melted material passes under the roller, the pre-preg tape is 
squeezed, permitting three mechanisms to occur that improve the quality of the final 
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laminate. Firstly, the melted surfaces of the incoming tape and the underlying laminate 
are forced into intimate contact, allowing a good quality bond to form. The strength of 
this bond is an important factor in determining the strength of the overall composite 
material as it facilitates transfer of inter-laminar stress in the material. Secondly, tape is 
squeezed laterally, helping to fill any gaps between adjacent tape strips. Finally, voids in 





Figure 1.1 Schematic of the automated tape placement process (adapted from Stokes-
Griffin and Compston (2015)) 
 
The consolidation roller and heat source are usually mounted together on a placement 
head that in turn is mounted on an industrial robot, or gantry, together with automatic tape 
cutting, tape tension and tape reel mechanisms. Such a system can manufacture complex 
parts including double-curvature parts, by taking advantage of the flexibility offered by 
the high accuracy of the robotic placement system.  
Thermoset composite matrices have been widely used in the manufacture of 
composite components for many years, offering processing advantages of relatively low 
viscosity and processing temperature. Thermoset composite components manufactured in 
ATP systems require subsequent curing in an autoclave for times of the order of an hour. 
This induces the molecular cross linking that gives the material its strength and stiffness, 
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and creates the bonding between plies. However, the cured material has the disadvantages 
of not being reworkable or recyclable. Furthermore, processing in an autoclave is costly 
and time-consuming, and limits the component size.  
In contrast, thermoplastic materials offer strength and stiffness with the possibility of 
reworking and recycling. They are formed of long, entangled polymer molecules. The 
entanglement imparts the desired properties of stiffness, strength and toughness, without 
any cross-linking. In semi-crystalline, thermoplastic polymers such as poly-ether-ether-
ketone (PEEK), local alignment of the long molecules below the melting temperature, 
mT , 
creates areas of ordered crystalline structure that impart improved properties such as 
toughness, chemical resistance and impact resistance. Fusion bonding or “healing”, 
whereby entangled molecules inter-diffuse or “reptate” at the join between layers in 
intimate contact, creates the inter-laminar bond. However, entanglement of long polymer 
molecules brings greater processing challenges, such as high melting point and viscosity, 
and hence, higher processing temperatures, with void squeezing and intimate contact 
between layers more difficult to achieve. On the other hand, unlike thermosets, 
thermoplastic composites do not require curing, so it is theoretically possible to produce 
fully consolidated material in an ATP system, of autoclave quality, without an additional 
autoclave process. 
Nonetheless, this has been found to be difficult to achieve, as the high melting point 
of thermoplastic materials, coupled with their high viscosity when melted, means that 
high forces are necessary to consolidate the material. Indeed, a manufacturing option of 
thermoplastic composites often employed, is to perform lay-up at high speed without 
ensuring complete consolidation, with the part subsequently processed under temperature 
and pressure in an autoclave to complete the procedure (Schledjewski, 2009).  
The University of Limerick, Ireland (UL) has recently purchased a laser-heated ATP 
system, manufactured by Advanced Fibre Placement Technology (AFPT, GmbH), 
Netherlands. One of the initial goals has been to investigate its use in manufacturing high 
quality carbon-fibre/PEEK (CF/PEEK) thermoplastic composite components for the 
aerospace industry. The system features a tape placement head attached to a robot arm 
(Kuka, KR240 L210-2). The tape head consists of (Comer et al., 2015, Ray et al., 2015) :  
1. An optic lens connected via a fibre-optic cable to a remotely-located 3 kW 
diode-laser heat source, with a wavelength of 1015 nm. Tape widths between 6 
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mm and 25 mm can be processed under the beam, which can be biased towards 
the incoming tape or the substrate.  
2. A tape feed, guidance, tensioning and cutting system. 
3. A consolidation roller with outer diameter of 80 mm, which is pressed onto the 
substrate by a pneumatic cylinder, capable of delivering up to 500 N force. Two 
roller types are available - a rigid steel roller or a conformable silicone roller. 
4. A thermal camera that monitors the heated zone and provide information to a 
closed-loop temperature control system. 
A key goal for industry is to achieve CF/PEEK consolidation with ATP processing 
that is comparable to that achieved in an autoclave, with good intimate contact, fusion 
bonding and elimination of voids. The work in this thesis is focused on advancing the 
state-of-the-art by developing an improved understanding of the behaviour of CF/PEEK 
under ATP processing conditions, and developing a model that can be used to help 
optimise the process. 
1.2 Objectives 
This thesis outlines the development of a model for the processing of CF/PEEK in an 
ATP system. The accuracy of such a model depends on the definition of material models 
of PEEK and CF/PEEK at melt temperatures, e.g. 380
°
C. The behaviour of interest is 
normally the shear viscosity,  , of the material, which is typically temperature dependent 
and shear-rate dependent. While the viscosity of PEEK has been characterised via 
rheology, with extensive published results in the literature, the viscosity of CF/PEEK is 
less easily determined, with a variety of test methodologies reported. Generally, published 
results indicate that the viscosity of PEEK melt is Newtonian at low strain rates, 
becoming shear-thinning at high strain rates, while CF/PEEK melt viscosity is orders of 
magnitude higher at the same temperatures, and is shear-thinning at low strain rates. 
However, the published values for CF/PEEK melt viscosity vary by as much as an order 
of magnitude, and there have been no satisfactory explanations of why this is. 
To advance the state-of-the-art, four over-arching objectives were identified: 
1. To develop a model of PEEK melt that can be used in CF/PEEK melt models, 
which is robust enough to give reasonable results, without numerical problems at 
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large strains, and over a wide range of strain rates. Included in this goal is an 
experimental characterisation of PEEK melt for model validation, and comparison 
to the literature. 
2. To undertake an experimental rheological study on CF/PEEK melt, in order to
provide an improved dataset for validation of the developed process model, and to
investigate why CF/PEEK is shear-thinning at low strain rates and why such a
wide range of viscosity values exist in the literature.
3. To develop a micro-mechanical model of CF/PEEK melt, using a representative
volume element (RVE) approach, to gain further insight to the questions in 2.
above. The model should be capable of incorporating the effects of fibre-to-fibre
friction, which was identified as an important contributing factor in the overall
composite behaviour.
4. To develop a macroscopic model of CF/PEEK pre-preg tape behaviour under the
two roller types available in the UL ATP system, that improves on current,
relatively simplistic models in the literature. The scale and kinematics of
squeeze-flow prohibits the use of a micromechanical RVE approach of the full
tape with current computing power. Therefore, a homogenised material model is
used to address this objective.
A corollary of objectives 3 and 4, is an aim to compare the observed CF/PEEK behaviour 
with that of other materials and classify it using standard material descriptors (for 
example thixotropic, rheopectic, yield-stress and so on).  
1.3 Thesis overview 
Chapter 2 presents a literature review in which the rheological behaviour of PEEK 
and CF/PEEK pre-preg at processing conditions is discussed, highlighting the differences 
in behaviour between the two materials. ATP systems are also discussed, outlining some 
of their key features and the approaches taken in the literature to model them. 
In Chapter 3, results from an experimental rheological study of CF/PEEK at 
processing temperatures are presented. Results from tests on PEEK are also presented. 
Both sets of results are compared with the literature, theories are proposed for the 
underlying phenomena giving rise to the results, and the observed behaviour is 
categorised in terms of classical material descriptors.   
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In Chapter 4, a finite-element material model to represent large deformation of PEEK 
melt over a wide range of strain rates at processing temperatures is presented.  
In Chapter 5, the PEEK melt model from Chapter 4 is incorporated into 
two-dimensional models of CF/PEEK melt. Both fibre-fibre friction and melt viscosity 
effects are included in the models. The models are used to provide insight into the 
behaviour seen in the tests in Chapter 3, and also the widely-varying results in the 
literature. 
In Chapter 6, a macroscopis FE model of squeezing of CF/PEEK pre-preg tape is 
described, which incorporates the main features of CF/PEEK behaviour found in Chapters 
4 and 5. The behaviour of the tape under the two different roller types available with the 
UL ATP system is compared. 









ATP processing of carbon fibre/thermoplastic composite materials offers the 
attractive prospect of in-situ manufacture of large components that are repairable and 
recyclable.  In this chapter, a review of the literature is carried out on relevant aspects of 
this topic, with particular emphasis on the consolidation of CF/PEEK pre-preg tape. 
Firstly, an overview of the ATP process is presented in Section 2.2. Next, in Sections 2.3 
and 2.4, current knowledge of PEEK and CF/PEEK behaviour at processing temperatures 
is presented, highlighting the large difference between their melt viscosities and their 
dependence on loading rate. In Section 2.5, material mechanisms outlined in the literature 
that may operate in CF/PEEK melt are described. Yield-stress fluids and their 
characteristics are recounted in Section 2.5.6. The implications of a yield stress for 
squeeze flow, such as that expected in an ATP system, are discussed in Section 2.7. The 
current state of squeeze-flow modelling, such as in ATP processing, is presented in 
Section 2.8. Finally, in Section 2.9, the findings from the literature review are discussed, 
and gaps identified. 
2.2 ATP processing overview 
The basic ATP process has been described in Chapter 1. Squeezing of pre-preg tape 
reduces its height and extrudes it laterally (Engmann et al., 2005), filling gaps between 
adjacent tape strips, and compressing voids in the incoming tape. It is generally assumed, 
(Ranganathan et al., 1995), that no-slip boundary conditions exist between the roller and 
the top of the pre-preg tape, and between the bottom of the tape and the previously 
consolidated layers. These boundary conditions lead to lateral extrusion of the tape, 
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leading to what are assumed to be parabolically-shaped edges. For ATP-processed 
CF/PEEK parts, desirable properties include good interlaminar bond strength, low void 
content, high polymer crystallinity, low residual stress upon completion and an absence of 
polymer degradation. The ultimate benchmark against which ATP is usually judged is an 
autoclave-level quality composite material. Thus far, this has not been achieved with ATP 
at economical lay-down rates. Typically, stiff metal rollers are employed, but this results 
in the time available under the nip-point for squeezing being very short, of the order of 
~0.01 s (Stokes-Griffin and Compston, 2016). Specialised head designs, incorporating 
consolidation rollers with compacting shoes (Schledjewski and Schlarb, 2007, Lamontia 
et al., 2003), or additional rollers (Tierney and Gillespie Jr, 2006), can extend this time. 
More recently, conformable rollers that deform under the applied roller force, thereby 
increasing contact time to values of the order of 0.25 s, have been employed (Levy et al., 
2012, Grouve et al., 2013, Stokes-Griffin and Compston, 2015). However, the available 
consolidation pressure with such rollers is much less than for metal rollers. 
2.2.1 Heat input 
ATP systems employ a variety of heat sources, including hot-gas torches, diode-laser 
heaters, induction heaters and infra-red heaters. Hot-gas torches were, until recently, used 
extensively. For example, Schledjewski and Schlarb (2007) employed a hydrogen/oxygen 
torch, Tierney and Gillespie Jr (2003), (2006) employed a hot-gas nitrogen torch and 
Lamontia et al. (2009b) utilised five torches in a proprietary head. The torches fully melt 
the incoming tape, as well as several layers of the previously-consolidated laminate.  
More recently, laser heating has increased in popularity (Comer et al., 2015, Grove, 
1988, Schledjewski and Miaris, 2009, Schledjewski, 2008, Stokes-Griffin et al., 2013), 
using near infra-red (NIR) diode lasers featuring wavelengths in the range of 900 nm to 
1070 nm and laser powers up to 3 kW. Figure 2.1 illustrates the main features of a 
laser-heated ATP system. Laser energy impinges on the underlying laminate and 
incoming tape in the melted zone. Since PEEK is transparent at the laser wavelength, 
laser energy passes through the polymer and is absorbed by the carbon fibres, heating 
them. The heated fibres then melt the polymer (Automated Dynamics, 2016). It is 
desirable that the PEEK should be fully melted at the nip point for squeeze flow to occur. 
However, between the melted zone and the nip point is a region in the shadow of the 
laser, in which the temperature drops. This region is illustrated more clearly in the inset of 
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Figure 2.1. Further decrease in temperature occurs in the nip-region due to heat loss to the 
substrate. Nonetheless, validated thermal models of Stokes-Griffin and Compston (2015) 
indicate that tape temperatures above the melting point are possible for the duration of 
squeezing, at suitably chosen process settings. For example, they have reported 
temperatures of circa 600°C for tape speeds of 6 m.min-1. 
Figure 2.1 The laser-heated automated tape placement process (adapted from Stokes-
Griffin and Compston (2015)), with inset illustrating the laser shadow region (adapted from 
Comer et al. (2015)). 
2.2.2 Squeeze flow and consolidation 
The main objective of this thesis is to model the squeeze flow and consolidation of 
CF/PEEK pre-preg tape in the UL ATP system. In this system, a nominal tape width of 12 
mm is of primary interest, but wider tapes, close to the maximum width of the optic lens 
(~24 mm) are also relevant. Generally, autoclave processes reduce pre-preg thickness by 
~5 m to generate high quality laminates with good intimate contact/healing and void 
consolidation (Comer et al., 2015). Hence, squeezing by 5 m is considered an 
appropriate goal. Since lateral, parabolic flow of the tape is expected, transverse shear 
viscosity of CF/PEEK melt has traditionally been considered a key parameter for models 
of the process. The kinematics of squeeze flow will be discussed in more detail in Section 
2.7.  
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2.2.3 Healing and intimate contact 
To form a high quality bond between tape layers, rendering the inter-ply region 
indistinguishable from the bulk material, the tape must come into perfect, microscopic, 
intimate contact with the underlying laminate, and a fusion bonding process, referred to as 
healing or autohesion (Yang and Pitchumani, 2002), must proceed to completion. 
However, the presence of carbon fibres beneath the tape surface, results in a rough, 
undulating surface (Khan et al., 2010, Levy et al., 2013) that prevents some areas coming 
together initially. Application of pressure at melt temperatures, serves to flatten the 
asperities, bringing more of the joining surfaces into contact.  
Degree of Intimate Contact, icD , is defined as the fraction of the interface area that is 
in contact at any time t . When full intimate contact is achieved then icD = 1. Lee and 
Springer (1987) modelled the development of intimate contact of APC-2 CF/PEEK as the 
flattening of a series of identical rectangles of a homogenised fibre-melt material under a 
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where 0w  is the initial rectangle spacing, 0b  is the initial rectangle width and 0a  is the 
initial rectangle height. They chose values of 0 0w b = 1.0 and 0 0a b = 0.3 to approximate 
the CF/PEEK surface roughness. Their text states that they employed a homogenised 
viscosity, fm , representative of the fibre-melt behaviour. However, their results appear to 
indicate that the melt only viscosity was actually used. Rearranging the relationship for 
icD = 1 gives a relationship for ict , the time for full intimate contact to take place. 
Extrapolating from their model results gives ict  ~19 s at an applied pressure of 1 MPa, 
decreasing to ~0.1 s at ~200 MPa, all at 380°C. Mantell and Springer (1992) advanced this 
approach to account for development of icD  under a varying pressure field. Similarly, 
Grouve et al. (2013), while employing this approach to model the development of 
intimate contact in ATP consolidation of fibre-reinforced PPS, utilised the PPS melt 
viscosity. Levy et al. (2013) examined the effect of icD  between APC-2 CF/PEEK layers 
in a laminate during processing, on the thermal contact resistance between the layers. 
They more correctly employed a homogenised fibre-melt viscosity for this work. 
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Figure 2.2 Rectangular elements representing the surface roughness at time t =0 
and t > 0. (adapted from Lee and Springer (1987)) 
Once the melt surfaces are in contact, and the temperature is above the melting point, 
a molecular diffusion process, described by reptation theory (Degennes, 1971), occurs. In 
this theory, the ends of the long polymer molecules, through a wiggling motion, diffuse 
across the join and become entangled on the other side. Eventually, the join region 
becomes indistinguishable from bulk material. Yang and Pitchumani (2002) define a 
characteristic welding time of the polymer, wt , at which the join is fully healed. Khan et 
al. (2010) reported values of wt  ranging from 0.07 s at 360
°C down to 0.035 s at 420°C for 
PEEK. The healing process can be impeded if the polymer is not fully melted, with some 
crystallinity remaining (Lamèthe et al., 2005), or if the polymer is cross-linked by 
degradation. 
2.2.4 Void compression 
There are several ways in which voids can come about in ATP processed material. 
Firstly, gaps between adjacent widths of pre-preg tape occur due to placement 
inaccuracies of the robotic head, coupled with inconsistencies in tape width, or poor tape 
edge shape (Schledjewski and Schlarb, 2007). Such gaps, if not fully filled by lateral 
extrusion of the pre-preg during consolidation, may lead to voids between tape widths 
(Wang and Gutowski, 1991). Secondly, poor intimate contact may result in voids between 
consecutive layers of pre-preg tape. Thirdly, intra-ply voids may be present in the 
pre-preg as a result of the manufacturing process (Lamontia et al., 2009a, Gruber et al., 
2012, Comer et al., 2015), and may persist in the finished laminate. Squeeze-flow needs 
to address all void mechanisms, to minimise voids in the final laminate. 
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In the next two sections, the structure and properties of PEEK and CF/PEEK are 
reviewed.  
2.3 PEEK 
Poly-ether-ether-ketone (PEEK) is an aromatic, thermoplastic, semi-crystalline 
polymer, which was invented by ICI (now Victrex™). It is a commonly-used engineering 
material with good thermal and mechanical properties, coupled with good chemical 
resistance and low flammability. It has a glass-transition temperature, gT  = 143
°C, a 
melting temperature, mT  = 334
°C, and an infinite perfect crystal melting point, mT
 = 
385°C to 395°C, at which it is fully melted with no crystalline nucleation sites remaining 
(Stokes-Griffin and Compston, 2016). 	This section will review the current knowledge of 
PEEK processing with emphasis on information that can be used to validate a material 
model for PEEK melt at ATP processing temperatures (e.g. ~380°C).	
2.3.1 Structure 
PEEK consists of long, linear molecular chains, composed of aromatic groups 
(phenylene), connected by stiff ketone links and flexible ether links, as shown in Figure 
2.3. The chains are usually of high molecular weight (e.g. 30,000), which, with a 
repeating unit molecular mass of 288, corresponds to a chain length of ~104 units long 
(~156 nm) (Cogswell, 1992). As a thermoplastic polymer, the molecular chains do not 
cross-link during normal processing, theoretically allowing it to be reprocessed (Brinson 
and Brinson, 2008), or recycled. It is a semi-crystalline material, in which portions of the 
molecular chains may align and lock into a regular preferred configuration at 
temperatures above gT , to form crystalline regions. These regions add strength, stiffness, 
chemical stability, resistance to water uptake and high temperature stability (Stokes-
Griffin and Compston, 2016, Phillips et al., 1997). Crystallinity depends on thermal 
processing history, with ideal crystallinity in the range of 35% to 37% (Tierney and 
Gillespie Jr, 2004, Cogswell, 1992). At temperatures approaching mT , the crystalline 




Figure 2.3 Structure of PEEK, showing repeating unit composed of aromatic 
groups, with ether and ketone linkages (adapted from Cogswell (1992)). 
2.3.2 PEEK melt viscosity 
Of importance in this work is the behaviour of PEEK melt at temperatures around 
mT . Melt behaviour is generally characterised by its steady shear viscosity, η, which 






For a Newtonian fluid,   is constant, indicating that shear stress increases linearly with 
shear rate. PEEK melt is generally characterised as an isotropic, non-Newtonian, 
shear-thinning (pseudoplastic), viscoelastic fluid that exhibits a time dependence or 
fading memory (Bird et al., 1987). Time dependence results from the entangled behaviour 
of long molecular chains. At low shear rates, resistance to deformation of the long, coiled, 
entangled molecular chains, as they slide around each other, Figure 2.4(a), results in a 
constant viscosity, i.e. Newtonian, viscous behaviour (Chhabra and Richardson, 2008). At 
high shear rates, above a “knee” value, molecules uncoil, disentangle and become aligned 
with the direction of movement, as illustrated in Figure 2.4(b). This results in elastic 
behaviour, offering a rate-independent resistance to deformation. Consequently, the melt 
exhibits a viscosity that decreases with further increase in shear rate (Chhabra and 
Richardson, 2008, Barnes, 2000).  
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Figure 2.4 Schematic representation of linear molecular chains under the influence 
of shear, showing (a) chain entanglement at low strain rate, and (b) uncoiling of 
entangled chains at high strain rate (adapted from Chhabra and Richardson (2008)). 
2.3.2.1 Variation of Viscosity with Shear Strain Rate 
Viscosity versus shear rate data from several sources are shown in Figure 2.5. Pipes 
et al. (1994) reported data for viscosity of PEEK melt at 399°C. The measurement method 
for the data was not reported. They modelled the data with a Carreau model of the form 
(Bird et al., 1987): 







cT T     
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 
    
 
   2.3 
where 0  is the zero-shear-rate viscosity,   is the infinite-shear-rate viscosity, c  is the 
terminal relaxation time constant that determines the onset of non-Newtonian behaviour, 
(the inverse of the “knee” shear-rate value), and pn  is a power-law exponent describing 
the shear-thinning behaviour. The transition broadness parameter, ck , takes on a value of 
two for a unimodal distribution of molecular weight, and lower values for wider 
distributions (Törnqvist et al., 2000). They plotted the model over the strain range of 1 s-1 
to 1000 s-1. Shuler and Advani (1996) employed a Carreau model of PEEK melt viscosity 
at 370°C, derived from a temperature shift of the model of Pipes et al. (1994) at 399°C, as 
will be described in the next section. Data for this model at 380°C, derived from a similar 
temperature shift, is plotted in Figure 2.5. Carreau models values for Pipes et al. (1994) 





Figure 2.5 Shear viscosity versus shear rate data from literature for PEEK melt at 
380°C. 
Table 2.1 Carreau model parameters employed in the literature for PEEK melt 
Parameter 
0  (Pa.s)   (Pa.s) c  (s) ck pn
Pipes et al. (1994), at 399°C 280 0 0.038 2 0.787 
Pipes et al. (1994), recast at 380°C 487 0 0.066 2 0.787
Shuler and Advani (1996), at 370°C 687 0 0.0932 2 0.787 
Khan (2010) reported PEEK 150PF viscosity over a range of temperatures, including 
380°C, which was measured using parallel plate rheometry (Rheometric Scientific ARES 
rheometer) at 2% strain. This data was later employed by Narnhofer et al. (2013). Shear 
viscosity,   was found to decrease with temperature. At each temperature, viscosity was 
relatively constant (i.e. Newtonian) with strain rate below a “knee” value of ~10 s-1, 
above which it decreased at a constant rate (i.e. shear-thinning). Their data at 380°C is 
also included in Figure 2.5. Yuan et al. (2011) reported on three grades of PEEK melt at 
380°C, with molecular weights corresponding to 80, 94 and 129 repeating units of the 
PEEK molecule. Measurements were performed in a TA Instruments ARES, 
parallel-plate rheometer in nitrogen, in continuous steady mode from 0.01 s-1 to 1 s-1 and 
oscillatory modes from 0.1 s-1 to 100 s-1. They also performed measurements with a 
Rosand RH10 twin-bore capillary rheometer, from 15 s-1 to 1000 s-1. The PEEK grade 
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with a molecular weight of 94, denoted PEEK94, is closest to the typical molecular 
weight for PEEK, which is 104 (Cogswell, 1992), and the viscosity for this grade is 
included in Figure 2.5.  
All of this data exhibits Newtonian behaviour below a “knee” strain rate of ~10 s-1, 
transitioning to shear thinning at higher strain rates, with Newtonian viscosity ranging 
from ~300-500 Pa.s. Below 1 s-1, the viscosity measured by Yuan et al. (2011) increases, 
with decreasing strain rate. This aspect of their results is open to question, since, to the 
author’s knowledge, similar behaviour has not been reported by other sources in the 
literature. Yuan et al. (2011) attribute this result to “molecular relaxation at crystalline 
interfaces”. 
2.3.2.2 Variation of Viscosity with Temperature and Pressure  
The viscosity of PEEK, in line with most polymer melts, is sensitive to temperature, 
decreasing with increasing temperature. Two approaches have been taken in the literature 






   2.4 
was employed (Lee and Springer, 1987, Mantell and Springer, 1992), where aE  is the 
activation energy for viscous flow, R  is the universal gas constant (1.987 cal.mol-1.K-1), 
and T  is temperature in degrees K. Lee and Springer (1987) and Mantell and Springer 
(1992) employ A =1.13·10-10 Pa.s and aE R  = -19,100 K. The rate-independent viscosity 
from this model is included in Figure 2.5, while the viscosity variation with temperature 
is illustrated in Figure 2.6. Nandan et al. (2004) report aE  of 2.1 kcal.mol
-1 at  =1.16 s-1, 
giving aE R   -1056 K. They did not report a value for A , but, a value of 60 Pa.s was 
chosen for illustration in Figure 2.6. 
Alternatively, viscosity variation with temperature has also been described by time 
temperature superposition (TTS), which caters for viscosity rate-dependence. Viscosity is 
shifted along the shear-rate axis by a shift function, Ta , to form a single master curve that 
describes the behaviour over a wide temperature range (Ferry, 1980). A 
Williams-Landel-Ferry (WLF) shift function is conventionally employed for amorphous 
polymer melts in the temperature range gT  to gT +100 (Williams et al., 1955). However, 
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for semi-crystalline PEEK melt, at temperatures greater than gT +100, an empirical 












  2.5 
where 0T  is a reference temperature for the master curve. A less commonly used shift 
function, Tb , is sometimes employed to shift along the viscosity axis. 
 
 
Figure 2.6 Shear viscosity versus temperature data from two Arrhenius fits and one 
TTS fit from the literature for PEEK melt. 
 
Pipes et al. (1994) employed a variant of this shift function to shift Carreau model 











   2.6 
where   has the value of 11.07 and 0T  is 399
°C. This was employed to shift the Carreau 
model parameters to other temperatures, T , as: 
      0 0 0 TT T a T   and      0c c TT T a T   2.7 
resulting in the variation with temperature illustrated in Figure 2.6. 
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The viscosity of polymer melts increases with pressure as it more difficult for 
entangled molecules to slide around each other. The resulting viscosity increase is often 
represented by a Barus equation of the form (Couch and Binding, 2000, Binding et al., 




   2.8 
where amb  is the viscosity at ambient pressure, gP  is the gauge pressure and   is the 
viscosity pressure coefficient. To the author’s knowledge, the pressure dependence of 
PEEK melt has not been reported in the literature. However, values of   for other 
polymers are reported to be in the range of 5·10-9 Pa-1 to 30·10-9 Pa-1 (Carreras et al., 2006, 
Couch and Binding, 2000). For   of 30·10-9 Pa-1 viscosity increase due to pressure is 
very small, only becoming significant, i.e. greater than a factor of two, above pressures of 
2·107 Pa. At pressures above this value, viscosity increase is exponential. Such an 
increase has not been considered significant in the literature (Rosen, 1993), and is 
generally disregarded. 
2.3.3 Stress relaxation 
When polymer melts are subjected to a sudden shearing strain, 0 , in a step-strain 
relaxation test (Bird et al., 1987), a time dependent shear stress, ( )t , is generated in the 
entangled material. Over time, ( )t  decreases as the material relaxes, i.e. entangled 
molecules rearrange into lower stress configurations. The shear-stress relaxation modulus, 









   2.9 
Generally, the variation of ( )rG t  with relaxation time is described by a continuous 
relaxation spectrum. Yuan et al. (2011) approximated the continuous relaxation spectrum 
for the PEEK94 melt grade mentioned previously, at 380°C, with a set of discrete 
relaxation moduli, iG , measured at relaxation times, i . Their results, shown in Figure 
2.7, indicate that a relaxation time of ~1000 s is required for stress to relax by about eight 
orders of magnitude, after application of an instantaneous strain. However, relaxation of 
about three orders of magnitude has taken place by ~0.1 s. This estimated relaxation time 
corresponds well with a relaxation time for PEEK melt given by Cogswell (1992) of 0.1 s. 
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Figure 2.7 Relaxation spectrum for PEEK94 melt at 380°C (Yuan et al. (2011)). 
2.3.4 Degradation 
PEEK degrades at temperatures above mT , with an onset degradation temperature of 
575°C to 580°C (Zhang, 2004). Different degradation mechanisms occur in nitrogen and 
oxygen atmospheres. Thermo-oxidative degradation (in the presence of oxygen at 
elevated temperatures) of PEEK occurs through molecular-chain scission, whereby the 
ether or ketone links between aromatic groups are broken, forming radicals. The higher 
the temperature, the faster the rate of degradation, with several possible events occurring 
subsequently. Firstly, short-chain radicals may form volatile compounds, including CO 
and CO2, which evaporate causing weight loss (Phillips et al., 1997, Zhang, 2004, Nandan 
et al., 2003). They may also attract hydrogen to form stable compounds such as phenol, 
aromatic ethers or Benzofuran products (Hay and Kemmish, 1987). Alternatively, longer-
chain radicals may terminate to form low-molecular-weight PEEK oligomers (Jonas and 
Legras, 1991). Finally, these radicals may also bond with aromatic groups in another 
chain, forming cross-links. Cross-linking causes a viscosity increase detectable by 
rheometry (Modi et al., 2010, Khan et al., 2010), and a decrease in the ability to 
crystallise or bond. 
In air, evidence of such degradation has been noted at processing temperatures (Jonas 
and Legras, 1991). Ostberg and Seferis (1987), have shown that progressive heat 
treatment of PEEK at 450°C in air causes the crystallisation endotherm to occur at higher 
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temperatures and become broader with higher treatment times. The melting endotherm 
occurs at lower temperatures and is also broader with higher treatment times. In nitrogen, 
no evidence of degradation has been noted at temperatures below 400°C (Jonas and 
Legras, 1991). Cogswell (1992) has proposed maximum PEEK processing times at 
temperatures up to 600°C in non-oxidising ambients. For example, a maximum time of 
2 hours at 400°C, is recommended, reducing to 2 s at 600°C. However, in polymer 
flammability studies, Zhang (2004) observed a PEEK weight loss of ~40% in a narrow 
temperature band close to 600°C in nitrogen. They concluded that degradation 
mechanisms in both air and nitrogen result in weight loss, due to removal of polymer 
material as volatiles (Zhang, 2004), and cross-linking that reduces the possibility of 
reworking or recycling the polymer and increases melt viscosity. 
2.4 CF/PEEK 
2.4.1 Structure 
The Suprem™ CF/PEEK pre-preg used in this thesis contains ~60% by volume, 
continuous, 5.2 m diameter Hexcel® IM7 unidirectional carbon fibres in (at processing 
temperatures) Victrex™ PEEK 150UF10 melt. APC-2, featuring 7.0 m diameter 
Hexcel® AS4 carbon fibres in a Cytec® PEEK material, is another form of CF/PEEK, on 
which more data exists in the literature. Due to the presence of fibres, CF/PEEK is both 
orthotropic and non-homogeneous. It exhibits two main shear modes, as shown in Figure 
2.8, namely transverse (across the fibres) and longitudinal (along the fibres). Studies on 
extensional behaviour have not been reported to date. As mentioned previously, 
transverse shear data are considered most relevant for modelling ATP consolidation, 
which primarily causes lateral squeeze flow of the pre-preg tape (Ranganathan et al., 
1995). 
Figure 2.9(a) shows a three-dimensional image of Suprem™ CF/PEEK produced by 
three-dimensional X-ray tomography (Comer et al., 2015). It illustrates that fibres are 
reasonably aligned, and densely packed, with a small degree of tow-twisting visible. 
Voids are also present, illustrated in blue, which are not spherical, but are extended along 
fibre edges for long distances. A two-dimensional cross-section, shown in Figure 12(b), 
illustrates that there are matrix-rich regions as well as areas where the fibres are more 
densely packed. In the densely packed regions, many occurrences of fibre-fibre contact 




Figure 2.8 Deformation modes in CF/PEEK showing (a) Transverse intra-ply shear 
and (b) Longitudinal intra-ply shear (adapted from Stanley and Mallon (2006)).  
 (a)  (b) 
(c) 
Figure 2.9 (a) 3D X-ray tomography image of Suprem™ CF/PEEK (Xradia Versa 
XRM-500) from Comer et al. (2015), thresholded to show carbon-fibres (yellow) and voids 
(blue), (b) elongated nature of voids orientated in fibre direction, and (c) 2D transverse 
cross-section extracted from the 3D data, with a sample area of 100  100 m.  
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2.4.2 Viscosity test methods employed in the literature 
Experimental studies have generally ignored the non-homogeneity of CF/PEEK 
material and reported an overall transverse, shear “viscosity”, T , or longitudinal, shear 
“viscosity”, L , corresponding to the deformations shown in Figure 2.8(a) and Figure 
2.8(b) respectively, with both measured via a wide variety of test methods. These tests for 
transverse, shear “viscosity”, T , are described in this sub-section with results presented 
in Section 2.4.3. 
2.4.2.1 Off-centred, balanced, oscillatory rheometry test  
Groves et al. (1992) applied a novel, off-centred, balanced, oscillatory rheometry test, 
to investigate the longitudinal and transverse Maxwell viscosity of unidirectional, 
CF/PEEK laminates. To do this, square samples were cut from pre-compacted laminates, 
with w  and l  of 15 mm, and arranged on rheometer plates of radius, a =25 mm, with 
distance, q =25 mm between their centres, as shown in Figure 2.10(a). The laminate 
thickness, h , and the axial force to bring the rheometer top plate into contact with the 
samples were not reported. Oscillatory measurements were carried out in a Rheometrics 
mechanical spectrometer in a nitrogen atmosphere, at 380°C, with a range of strain 
amplitudes up to 10% and an angular frequency,  , range of 1–50 rad.s-1.  
Figure 2.10 Schematic showing square sample placement in an off-centred, balanced, 
oscillatory setup for measurement of (a) transverse dynamic parameters, (b) longitudinal 
parameters, and (c) side view of transverse samples between rheometer plates (all adapted 
from Groves et al. (1992)). 
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Sample orientation was chosen to impose a mostly transverse or a mostly 
longitudinal shear deformation, as illustrated Figure 2.10(a) and (b). As will be described 
in more detail in Chapter 3, this oscillatory measurement provides results for transverse, 
Maxwell viscosity, M , versus  . From this data, transverse shear viscosity, T , versus 
shear rate, calculated using the transformation of Benbow et al. (1976), was reported, in 
addition to transverse shear viscosity versus shear stress. 
2.4.2.2 Squeeze flow test 
Shuler and Advani (1996) investigated the transverse shear viscosity of APC-2 
CF/PEEK with a squeeze flow test. To do this, they prepared unidirectional laminates of 
70 plies, which they preconsolidated at 1 MPa and 380°C in a hot press, to make a 1 cm 
thick laminate with a volume fraction of ~64%. Samples of 5 cm  5 cm were cut from 
the laminate. These were tested at 370°C in a servohydraulic test frame, which comprised 
two square, parallel, steel platens, of 5 cm per side. A camera was mounted perpendicular 
to the sample to record transverse squeeze flow. The sample size matches the platen size 
to facilitate constant area squeeze flow. A series of squeeze flow tests with imposed 
closure rates of 0.05, 0.1, 0.2, and 0.5 cm.min-1 were carried out, in which the sample 
height was reduced by half. Squeezing force, sqF , versus closure time for each closure 
rate was measured. 
To deduce T  from this measured data, a squeeze flow model was required. They 
developed an analytical model, based on simplifications of creeping Stokes flow and the 
lubrication approximation (See Appendix A). This approximation performs calculations 
based on the shearing components of flow, neglecting the normal components. 
They also assumed, somewhat questionably, that T  should follow the same general 
shape as the typical curve for PEEK melt viscosity versus strain rate (i.e. Newtonian at 
low shear rates and shear thinning at high strain rates), but with higher values of viscosity. 
Hence, they incorporated a Carreau model for viscosity into the model, resulting in an 
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 is shear rate,  , and 0 , c , ck  
and pn  are the Carreau model parameters. For any given Carreau model, assuming 
material incompressibility, inextensibility in the fibre direction, no-slip boundary 
conditions at the platen interfaces and symmetry, this relationship was iteratively solved 
to yield squeezing force, sqF , versus squeezing time. The Carreau model parameters were 
identified by comparing the numerically predicted squeezing force versus time with the 
experimentally determined values. The values are shown in Table 2.2 under the heading 
"Squeeze flow model". 
Shuler and Advani (1996) also reported a second Carreau model for T , by fitting a 
squeeze flow cell model to the experimental data, as will be explained in Section 2.5.1. 
The values are shown in Table 2.2 under the heading "Squeeze flow cell model". 
 
Figure 2.11 Schematic of squeeze flow test of Shuler and Advani (1996) showing (a) a 
typical undeformed specimen, and (b) deformed specimen following squeeze flow (both 
adapted from Shuler and Advani (1996)). 
 
Table 2.2 Carreau model parameters employed by Shuler and Advani (1996) for 
CF/PEEK melt at 370°C 
  Parameter 
  
0  (Pa.s)   (Pa.s) c  (s) ck  pn  
Squeeze flow model  2.5·106 0 50 2 0.65 
Squeeze flow cell model  3·106 0 20 2 0.8 
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2.4.2.3 Picture frame test 
McGuinness and Ó Brádaigh (1997) developed a "picture frame" test to investigate 
the shear viscosity of a glass fibre reinforced fabric. Test specimens, measuring 
200 mm  200 mm, were cut and fitted to a four-bar linkage arrangement, as illustrated in 
Figure 2.12(a). Attachment was via pins, located through drilled holes in the specimen. 
The length of each bar, BARL , was 150 mm. The linkage was fixed at one end, and a 
displacement rate, d , was applied to the other end, applying a uniform, in-plane, 
rhomboid shearing deformation to the material, with related in-plane shearing angle,  . 
The picture frame force, pfF , to cause displacement was measured, from which shearing 
viscosity could be determined. The apparatus was enclosed in an environmental chamber 
that could be heated to processing temperatures, although the atmosphere (nitrogen or air) 
was not reported. 
 
 
Figure 2.12 Schematic of the picture frame test showing (a) undeformed specimen, (b) 
specimen following application of a shearing deformation, and (c) deformation geometry 
(adapted from McGuinness and Ó Brádaigh (1998)) 
 
They extended this approach to examine laminates of APC-2 CF/PEEK. Their initial 
attempts with a unidirectional laminate were unsuccessful. It either failed at drilled holes, 
or, when a diaphragm layer and clamping arrangement was employed, the diaphragm 
layer contribution to the behaviour could not successfully be cancelled. Consequently, 
they investigated pre-consolidated cross-ply laminates of APC-2, with a lay-up of 
[04/904]2S, at temperatures from 350
°C to 380°C (McGuinness and Ó Brádaigh, 1998). For 
this material, they reinforced the drilled holes by fitting with steel bushing. They 
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examined displacement rates, d , of 10 mm.min-1 to 500 mm.min-1, which they translated 
into shear rates of 0.0015 s-1 to 0.089 s-1. They derived the relationship between pfF , d
  
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  2.11 
The quantities Lm  and Tm  were extracted, by choosing appropriate values of pn  to treat 
this relationship as a straight line of the form y mx c  . They were fitted to power-law 
relationship of the form: 
   12 pnL L ij ijm D D   and   12 pnT T ij ijm D D    2.12 
where ijD  is the rate of deformation tensor and L  is the longitudinal, shear “viscosity”. 
They reported transverse viscosity, T , versus shearing rate at 380
°C.  
This test has an advantage over other reported tests in that the in-plane shearing 
deformation ensures that all of the laminate deforms in shear in the test. However, it also 
has some apparent deficiencies. Firstly, it is clear that the imposed in-plane shear can 
cause a longitudinal shearing deformation. However, the transverse deformation is less 
obvious, and may only be a small component of the overall response. Secondly, the 
shearing rate of the reported viscosity data appears to be the in-plane shearing rate,  . 
Since the transverse shear deformation in this test is difficult to deduce, its true rate is also 
obscure, but is almost certainly not  . Finally, results from the cross-ply laminate are 
more relevant to forming applications, while a unidirectional laminate would yield results 
more relevant to ATP processing of single layers. The transverse shear viscosity values 
from this work are amongst the highest values reported in the literature. Despite these 
concerns, these results are widely cited, for example, in Stanley and Mallon (2006), 
Shuler and Advani (1996) and Haanappel and Akkerman (2014), and are therefore 
included here for completeness.  
2.4.2.4 Pull out test 
Stanley and Mallon (2006) measured the transverse and longitudinal shear viscosity 
of APC-2 laminates, at engineering shear strains of up to 0.3 (30%), using steady-rate, 
pull-out tests at 380°C. For this test, they manufactured a laminate, composed of 80 layers 
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of pre-preg, and consolidated in an autoclave. Specimens of width, w =11 mm, height, h
=10 mm and three different lengths, l , 10 mm, 15 mm and 20 mm were prepared from 
the laminate, as illustrated in Figure 2.13(a). To avoid slip along resin rich interfaces 
between successive plies, the ply interfaces were oriented perpendicular to the shear 
direction. 
 
Figure 2.13 Transverse viscosity test of Stanley and Mallon (2006) showing 
schematics of (a) CF/PEEK composite block, and (b) pull-out test arrangement with two 
composite block samples placed between platens and pull-out plate. (adapted from Stanley 
and Mallon (2006)) 
 
Specimen pairs were tested in a bespoke shearing apparatus, illustrated schematically 
in Figure 2.13(b). It consisted of a fixed lower platen, and an upper platen that was 
brought into specimen contact with just enough normal force to make “slight contact 
pressure”, and then fixed. A “pull-out” plate is located mid-way between them. The 
specimens were located on either side of the pull-out plate, one in contact with the lower 
platen and the other in contact with the upper platen. A pull-out force, poF , was applied to 
the pull-out plate to cause it to displace at a pre-determined velocity, xv , which, assuming 
no-slip conditions and a viscous uniform shearing deformation of each specimen, results 
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Their transverse shear viscosity results for three values of l  are shown in Figure 2.15. 
They found shear-thinning behaviour at strain rates between 0.001 s-1 and 0.1 s-1. They 




where pK  is the consistency, with value of 6720.1 Pa and pn  is the power-law index with 
value 0.2202. 
2.4.2.5 Torsional rheometry test 
A torsional rheometry method, was employed by Haanappel and Akkerman (2014) to 
determine the longitudinal dynamic moduli and complex viscosity of Cetex® TC1200 
AS4/PEEK at 390°C. A laminate of 80 plies was prepared in a platen press at the 
recommended temperature and pressure. Specimen bars of width, w =13 mm, height, 
h  =11 mm and length, l , of ~60 mm were cut from the laminate, as illustrated in Figure 
2.14(a). Torsional oscillatory measurements were carried out in an Anton Paar® 
rheometer at strain amplitude of 0.1%, in nitrogen. Samples were attached via SRF-12 
torsion bar fixtures, as illustrated in Figure 2.14(b).  
Figure 2.14 Schematic of the torsional rheometry test method for longitudinal shear 
viscosity, showing (a) sample geometry, and (b) attachment of sample in rheometer 
(adapted from Haanappel and Akkerman (2014)). 
Results indicated an elastic dominated material, with longitudinal dynamic moduli 
higher than the longitudinal values of Groves et al. (1992). In their analysis, they 
proposed that the Groves et al. (1992) test may have exhibited inter-ply slip, which would 
 Literature Review 
 2-23 
have reduced the dynamic moduli values obtained. Furthermore, their dynamic moduli 
values were independent of strain amplitude up to 0.1% and independent of temperature 
in the range of 365°C to 405°C. Finally, complex viscosity values were shear-thinning 
with increasing angular frequency. 
2.4.3 Viscosity results from the literature 
2.4.3.1 Variation of CF/PEEK viscosity with shear strain rate 
Results from the literature for CF/PEEK melt in the temperature range of 
370°C-380°C from studies described in the previous sub-section are summarised in Figure 
2.15, along with one PEEK melt data set for comparison. A large variation in values is 
evident, but most exhibit rate dependence, even at very low strain rates (in contrast to 
PEEK). In addition, values are several orders of magnitude higher than for PEEK. 
 
Figure 2.15 Transverse shear viscosity versus shear rate experimental data from 
literature for CF/PEEK melt in the temperature range of 370°C-380°C, with one PEEK 
melt data set from literature shown for reference. Examples of Arrhenius-type models 
from the literature are also shown. 
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One point to note is that, while there is a large variation in tests types carried out, 
some tests, e.g. those of Stanley and Mallon (2006) and Groves et al. (1992), deformed 
the material in transverse simple shear, while other tests combine additional deformation 
modes with transverse shear. For example,  McGuinness and Ó Brádaigh (1997) combine 
in-plane shear with transverse shear, while the sample squeezing in the Shuler and Advani 
(1996) test combined compression and extension with transverse shear. It is interesting 
that the tests in simple shear give quite similar results, while the combined-loading tests 
give much higher values. 
Finally, in contradiction to most of the experimentally-determined behaviour, many 
analytical models of CF/PEEK employ rate-independent, Newtonian viscosities, with a 
temperature dependence described by an Arrhenius equation (equation 2.4). Examples are 
the viscosity models of Lee and Springer (1987), Mantell and Springer (1992) and Khan 
et al. (2010), parameters of which are given in Table 2.3, with viscosity values at 380°C 
shown in Figure 2.15. The Mantell and Springer (1992) model, which they state is from 
APC-2 CF/PEEK data from the manufacturer, has been widely adopted by many authors 
to model ATP processing, including Tierney and Gillespie Jr (2006). When compared to 
the experimental data, it is clear that such simplistic viscosity models would, to varying 
extents, overestimate viscosity and stress in regions of high strain rates, and 
underestimate viscosity in regions of low strain rate. 
 
Table 2.3 Arrhenius model parameters of CF/PEEK melt viscosity temperature 
dependence. 
  Parameter 
  A  (Pa.s) 
aE R (K) 
Lee and Springer (1987)  1.14·10-12 -26300 
Mantell and Springer (1992)  132.95 -2969 
 
2.4.3.2 Variation of CF/PEEK viscosity with shear stress 
Another interesting observation was made by Groves et al. (1992). They found from 
plotting shear viscosity versus shear stress, as illustrated in Figure 2.16, that as shear 
stress decreases to a certain value, viscosity increases exponentially. They suggested that 
the shear stress at which this occurs should be regarded as the "yield-stress" of the 
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material, and gave a value of ~1 kPa for CF/PEEK transverse shear. They did not 
investigate the origin of the yield stress or discuss its wider implications. 
 
 
Figure 2.16 Variation of shear viscosity with shear stress at 380°C, from Groves et 
al. (1992), illustrating the presence of a yield stress. 
2.4.3.3 Variation of CF/PEEK viscosity with shear strain 
There is limited data in the literature regarding the variation of CF/PEEK viscosity 
with shear strain magnitude. Groves et al. (1992) found that dynamic viscosity,  , 
decreased with increasing strain in the range of 1% to 50%, but Maxwell viscosity, M , 
was independent of strain. On the other hand, Haanappel and Akkerman (2014) showed 
longitudinal dynamic moduli to be constant, but only over a very small strain amplitude 
range up to 0.1%.  
It is also possible to draw some conclusions on the effect of strain magnitude from 
the results from the aforementioned pull-out tests on APC-2 of Stanley and Mallon 
(2006). A re-examination of their force-displacement data at a shear rate of 0.01 s-1, 
allows it to be plotted in terms of shear viscosity versus shear strain magnitude, as shown 
in Figure 2.17. As can be seen, shear viscosity more than doubled as shear strain 
increased from 0% to 30%. The image of the side of the specimen, shown as an inset in 
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Figure 2.17, and the stepped appearance of the data suggests that shear deformation 




Figure 2.17 Transverse shear viscosity versus shear strain magnitude, for APC-2 
CF/PEEK coupons, deformed in shear at a strain rate of 0.01 s-1. Insets: schematic of 
specimen after shear strain of ~50%, together with image of specimen edge (adapted from 
Stanley and Mallon (2006)). 
2.4.3.4 Variation of CF/PEEK viscosity with temperature 
As mentioned in section 2.4.3.1, many analytical models of CF/PEEK transverse 
shear viscosity assume an Arrhenius relationship with temperature (equation 2.4). The 
temperature dependence for two of these models (for which the parameters are given in 
Table 2.3) is shown in Figure 2.18. To varying extents, both models predict that 
CF/PEEK viscosity decreases with increasing temperature. There is very limited 
experimental data on the temperature dependence of CF/PEEK transverse viscosity. 
McGuinness and Ó Brádaigh (1998), in their picture frame test on APC-2 cross-ply 
laminates, reported a decrease in transverse viscosity as temperature increased in the 
range of 360°C to 380°C, as shown in Figure 2.18. Conversely, the torsional rheometry 
work of Haanappel and Akkerman (2014), reported that longitudinal dynamic moduli of 
Cetex® TC1200 CF/PEEK were temperature-independent in the range of 365°C to 405°C. 
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Figure 2.18 Variation of CF/PEEK viscosity with temperature for two Arrhenius, 
rate-independent models and experimental data from McGuinness and Ó Brádaigh 
(1998) at 0.02 s-1. 
2.5 Interior mechanisms affecting viscosity of fibre-reinforced 
composites 
Many studies have examined the interior mechanisms affecting the viscosity of 
fibre-reinforced composite materials, and particularly how the addition of fibres changes 
the behaviour relative to that of the neat polymer. In this section, some of this work is 
reviewed.  
2.5.1 Hydrodynamic effects in the melt 
Some studies have examined the effect of stiff fibres in a melt, without considering 
fibre-fibre interactions. Generally, it is assumed that no-slip boundary conditions exist 
between the fibres and the melt. Consequently, the melt deforms in shear at fibre 
interfaces, resulting in elevated shear stress, which in turn increases the overall composite 
shear viscosity. 
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2.5.1.1 Dilute discontinuous fibre systems 
Sundararajakumar and Koch (1997) modelled the rheological properties of 
discontinuous fibre suspensions. They found that in dilute concentrates, defined as those 
for which 3 1f fn L  , where fn  is the number of fibres per unit volume, and fL  is the 
length of the fibres, the fibre presence in the melt has little effect on the suspension 
behaviour. In semi-dilute concentrates, for which 3 1f fn L  , and 
2 1f fn L  , fibres flip with 
shear deformation, causing an increase in shear stress, resulting in a small viscosity 
increase. 
2.5.1.2 Shear cell model 
An analytical shear-cell model was proposed by Batchelor (1971), for prediction of 
the increase in extensional viscosity when a suspension of long, stiff fibres is added to a 
Newtonian fluid. This was extended by Goddard (1976) to non-Newtonian fluids, and 
further developed by Pipes et al. (1994) and applied to concentrated suspensions of long, 
discontinuous fibres in thermoplastic melts. Creasy and Advani (1997) and Advani et al. 
(1997) employed this method to study long-fibre thermoplastic melts. Pipes et al. (1994) 
also modelled the increase in transverse shear viscosity when carbon fibres are added to a 
thermoplastic melt, with this approach, using the equation: 
 23   2.16 
where   is the fibre volume fraction,   is the shear viscosity of the polymer melt and 
23  is the transverse shear viscosity of the CF/polymer combination. For a regular square 








where fd  is the fibre diameter and S  is the spacing between fibre centres. The model 
assumes that when a global shear strain of fm , with a rate, fm , is imposed on a 
composite material, a larger shear strain, m , and strain rate, m , occurs in the melt 
between the fibres, as illustrated in Figure 2.19. Accounting for this effect leads to an 
increase in viscosity relative to that of neat polymer. Applying this equation to Suprem™ 
CF/PEEK leads to a viscosity increase of approximately one order of magnitude. 
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However, this is much less than observed in the experimental data of Figure 2.15. In 
addition, this model does not account for the observed shear thinning at low strain rates. 
Figure 2.19 Schematic of the transverse shear cell model of enhanced shear strain 
between stiff fibres (adapted from Pipes et al. (1994)). 
2.5.1.3 Flow cell models 
Lindt (1986), analytically modelled the resistance to compression of a theoretical 
square array of cylinders in a Newtonian fluid, via a repeating unit cell configuration, 
referred to as a flow cell, illustrated in Figure 2.20. Such a system resembles an idealised 
system of fibres in a polymer melt. They assumed no-slip conditions at the cylinder 
interface, no cylinder rotation or motion in the x-direction and no other forms of 
interaction between cylinders. They simplified the Navier-Stokes equation with creeping 
Stokes flow and the lubrication approximation, as described in Appendix A. With this, 
they calculated two types of flow, as shown in Figure 2.20. A squeezing flow occurs in 
the nip region between cylinders being pressed into contact, and a resulting drag flow of 
the squeezed fluid, pushes up through the lateral spaces between cylinders. They showed 
that during compression by an externally applied normal force, 0f , increased pressure in 
the vertical nip region causes an upward force component, if , that resists the downward 
motion.  Additionally, shear stress caused by fluid flow in the lateral spaces between 
cylinders, also generates an upward force component, iF , on either side of the cylinder. 
The viscosity strongly influences the values of if  and iF . The extent to which 0f  exceeds 
the sum of these forces, determines the rate at which compression proceeds, until the top 
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layer of cylinders comes into contact with the second layer. The two layers then move 
together to come into contact with the next layer, and so on, until all layers are 
compressed. A similar analysis was carried out by Hjellming and Walker (1990). 
 
 
Figure 2.20 Flow cell schematic of squeezing and drag flows between fibres during 
compression (adapted from Lindt (1986)). 
 
There are some difficulties with this approach. One is that contribution of normal 
stress components to pressure are neglected. Since normal viscosity is higher than shear 
viscosity by the Trouton ratio, this would lead to pressure being underestimated. 
Additionally, it assumes that the applied pressure is transferred to the fibres, which are all 
pushed downwards through the fluid without the lateral displacement expected in 
squeeze-flow. Pushing fibres through the fluid might be a valid assumption at very low 
squeezing rates, consistent with Stokes flow, at which, the stress response of the melt 
would be low. However, there is still a problem with the displaced fluid, which is 
assumed to flow upwards to the surface of the material. Unless it flows laterally out of the 
sample once it reaches the surface, with associated shear stresses, the fluid collecting at 
the surface would prevent the applied pressure from being transferred to the fibres.  
Shuler and Advani (1996), in their investigation of CF/PEEK shear viscosity 
mentioned previously, employed this concept in their analytical, squeeze-flow cell model 
of APC-2 CF/PEEK. As mentioned, they considered the material to be a square array of 7 
m diameter fibres, immersed in a PEEK melt with a volume fraction of 64%. They 
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modelled the PEEK melt with the Carreau model given in Table 2.1. Each fibre and 
surrounding melt was considered to be a unit flow cell, like that illustrated in Figure 2.20. 
Vertical and lateral fibre displacements were imposed, that matched 
experimentally-observed parabolic displacements from squeezing of a 5 mm square by 1 
mm thick APC-2 sample, as described in Section 2.4.2.2. Allowing lateral displacements 
has the effect of creating more space for drag flow and removes the conceptual difficulty 
of the displaced fluid moving to the surface of the sample. The resulting vertical 
components of force on each fibre of the array were summed to give the total squeeze 
force, sqF .  
To use this approach to study CF/PEEK shear viscosity, imposed closure rates of 50, 
100, 200, and 500 mm.min-1 were modelled. The values of sqF  versus closure time 
obtained were compared to the experimentally determined values obtained in Section  
2.4.2.2. A second Carreau model for CF/PEEK was fitted to the modelled data. The 
Carreau parameters are shown in Table 2.2 (Squeeze flow cell model), and the resulting 
viscosity versus shear rate behaviour is illustrated in Figure 2.15.  
2.5.1.4 Ideal fibre-reinforced fluid model 
Another approach to modelling the effect of stiff fibres in a melt is a so-called “ideal 
fibre-reinforced fluid” model (IFRM), (Spencer, 1972). This is a continuum model, in 
which it is assumed that fibres are convected with the deforming melt. Restrictions of (a) 
inextensibility in the fibre direction, and (b) overall incompressibility, are applied to the 
equations of viscous fluids (Spencer, 1972), power-law fluids (Spencer, 2000) or 
viscoplastic, yield-stress fluids (Spencer, 2001). When applied to material tests such as a 
picture frame test (Spencer, 2000, McGuinness and Ó Brádaigh, 1997, 1998), or an 
off-centred balanced rheometry test (Rogers, 1989a), it provided relationships to describe 
continuum viscosities of the fibre-reinforced melt in the main material directions. 
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2.5.2 Non-frictional fibre-fibre interactions 
In this section, studies on the effect of interactions between fibres in the melt that do 
not involve fibre friction are reviewed. 
2.5.2.1 Compression resistance 
Early studies focused on the resistance to compression caused by fibre bending in dry 
fibrous materials. Van Wyk (1946) considered the compression of wool, in which fibres 
are oriented in many directions in a dry fibre bed. An increasing pressure with decreasing 
volume was observed. Although friction between wool fibres was considered as a 
possible contributing mechanism, the compression behaviour was primarily attributed to 
bending of fibres. 
Gutowski and co-workers considered the resistance to consolidation of bundles of 
aligned fibres in a polymer melt (Gutowski, 1985, Gutowski and Dillon, 1992, Cai and 
Gutowski, 1992). Fibres were assumed to be lubricated by the melt and slide over each 
other with no frictional interaction and hence, no resistance to shear deformation. Some 
fibres were envisaged to be curved slightly to form arches, with a ratio of length to height 
of approximately 100. Consolidation resistance was attributed to reverse bending of these 
curved fibres between points where they are pinned by other fibres because of 
entanglement and static friction. This resistance was represented by springs with 
appropriate stiffness, giving rise to an elastic fibre bed that can share the applied load, as 
shown in Figure 2.21(a). Furthermore, as the fibre bed is compressed, the fibre arches 
buckle to form two arches that have sixteen times the original stiffness, as illustrated in 
Figure 2.21(b). Thus, the model predicts a non-linear increase in stiffness with increasing 
compression. 
Evidence to support this behaviour comes from several publications. Studies of the 
squeeze flow of continuous glass mat/polypropylene material in Kotsikos et al. (1996), 
showed that squeezing stress increased as squeezing progressed. Additionally, Hubert and 
Poursartip (2001) measured the fibre-bed compaction curve, with no lateral expansion, of 
16 plies of a unidirectional CF/epoxy pre-preg melt at 100°C. Their experimental 
arrangement allowed the low viscosity epoxy to relax and escape from the sample as 
compaction progressed. They reported a non-linear increase in compaction stress versus 




Figure 2.21 Deformation of a curved fibre, pinned at the ends due to 
entanglement/friction, showing (a) an equivalent elastic spring representing resistance 
to deformation, and (b) as reverse bending occurs, a non-linear increase in stiffness as 
the arch buckles, and the initial single spring is replaced by two stiffer springs (adapted 
from Gutowski (1985)). 
2.5.2.2 Tow twisting and entanglement 
Barnes and Cogswell (1989) described the restrictive effect of fibre entanglement and 
tow twisting on the transverse shear behaviour of a pre-preg during manufacture. They 
proposed that fibre tows have some degree of twist along their length. As a result, at one 
cross-section, e.g. location A in Figure 2.22, a fibre may be deep within the ply (far from 
the top surface) whereas, at another cross-section, B, the same fibre may be at the top 
surface. When the material is deformed in shear, the fibre undergoes a displacement from 
a1 to a2 at location A, whereas at location B it undergoes a larger displacement from b1 to 
b2. The difference between displacements at locations A and B would require a small 
increase in fibre length, but this is strongly resisted by carbon fibres, which are very stiff 
along their length. As mentioned in Section 2.5.1.4, very often fibres are regarded as 
inextensible in composite material melt models. This effect thus adds to the overall 
resistance of the material to transverse shear deformation. 
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Figure 2.22 Effect of fibre entanglement and tow twisting on transverse shear 
behaviour of composite materials (adapted from Barnes and Cogswell (1989)). 
2.5.2.3 Effect of mechanical contact between fibres 
Sundararajakumar and Koch (1997) modelled shear deformation of 
semi-concentrated, short-fibre suspensions, with direct, mechanical contact occurring 
between fibres. As mentioned previously, short fibres tend to rotate and flip during shear 
deformation of the composite. They studied the effect of fibres impinging on other fibres 
at crossing points without friction. They observed that fibre rotation and flipping was 
restricted, and the normal force between the interacting fibres, as they slide along each 
other, was calculated and employed to predict an increased shear viscosity. 
2.5.3 Dry fibre-fibre friction  
In this section, studies on the effect of friction between dry fibres that come into 
contact are presented. For dry Coulomb friction, stick-slip behaviour occurs, whereby 
surfaces stick together until the applied, tangential sliding force exceeds a value frF , 
which is given by (Popov, 2010): 
Nfr fF F 2.18
where f  is the coefficient of friction, and NF  is the normal force between the surfaces.  
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Roselman and Tabor (1976) studied two types of carbon fibre made from pyrolised 
polyacrilonitrile (PAN). Type I fibres were heat treated at temperatures above 2500°C, 
while Type II were heat treated above 1500°C. They examined the dry frictional 
behaviour as one fibre was drawn over the surface of another perpendicular fibre in an 
apparatus that applied a normal force between them. They measured a coefficient of static 
friction, fs , which ranged from a value of fs  7 for low normal loads of 0.1 N, to 
fs  0.05 for higher normal loads of 1 mN and above. Furthermore, they observed an 
adhesive force between fibres of ~0.15 N, which required the application of a small 
negative force to separate them. 
 Robins et al. (1984) measured dry friction of 9 m diameter, clean, graphitic carbon 
fibres using a capstan method. In this test, a single fibre to be tested is looped over the 
surface of a horizontally mounted, rotating cylinder that was axially coated with dry 
fibres, as illustrated in Figure 2.23. One end of the fibre was attached to a weight, that 
applied a fixed tension in the fibre, AT , while the tension at the other fibre end, BT , 
caused by cylinder rotation, was measured. A coefficient of friction, f , was calculated 












where w is the wrapping angle in radians, which defines the amount of cylinder
circumference in contact with the fibre. In this work w had the value of  . They
obtained a f  value of ~0.15 for perpendicular crossing of fibres. 
Figure 2.23  Schematic representation of the capstan test to measure fibre to fibre 
friction (adapted from Robins et al. (1984)). 
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The author has not found any literature reporting experimentally determined f
values between parallel carbon fibres sliding transversely across each other, i.e. the 
frictional sliding between fibres that would be expected in transverse shear deformation 
of CF/PEEK. 
Carnaby and Pan (1989), building on the work of Van Wyk (1946) on the 
compression of wool, included friction between fibres in analytical models. They allowed 
for frictional points to either stick or slip, and with this approach, they accounted for the 
observed hysteresis in the compression behaviour of wool. 
2.5.4 Combined fibre-fibre interactions and hydrodynamic effects 
In concentrated suspensions at high volume fraction, fibres are generally separated by 
the suspending fluid, but close enough together that they can make mechanical, frictional 
contact. Studies of these effects are described below. 
2.5.4.1 Discontinuous fibre systems 
Ericsson et al. (1997) employed linear rheometry to test discontinuous glass fibres of 
diameter 12 m and length ranging from 12.7 mm to 25.4 mm, suspended in a 
polypropylene melt, with volume fractions ranging from 14% to 28%. They observed a 
power-law, shear-thinning viscosity that increased with increased volume fraction. They 
proposed that this increase arose from rate-independent friction at fibre crossing points, as 
shown in Figure 2.24(a), and tentatively related it to the presence of a yield stress. It was 
accompanied by viscous behaviour at higher strain rates. 
Servais et al. (1999a), (1999b), in their works on discontinuous, dispersed fibres and 
fibre bundles, proposed that at such crossing points there are three forces in action, as 
illustrated in Figure 2.24 (b). These are: 
1. A normal force, NF , which holds the fibres in contact. They hypothesised that in a 
high-volume-fraction material, discontinuous fibres bend around each other, with 
multiple crossing points, giving rise to normal forces between them. 
2. A Coulomb friction force, frF , which occurs at the point of contact, and acts 
tangentially to the surfaces. Global shear deformation causes one of the fibres to 
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slide along the other fibre with a sliding velocity, sv . This motion is opposed by 
this force. 
3. A hydrodynamic lubrication force, hF , caused by a thin layer of fluid in the 
narrow gap between fibres, adjacent to the point of frictional contact. As one fibre 
slides along the other fibre, the polymer melt deforms in shear, generating a shear 
stress, which gives rise to hF , Fibre motion is also opposed by hF . 
(a) (b)
Figure 2.24  Schematic representation of (a) the interaction point between two 
discontinuous fibres immersed in a fluid (adapted from Ericsson et al. (1997)), and 
(b) forces at this point (adapted from Servais et al. (1999a)).
The sum of h frF F  must be exceeded by the deforming force, to allow fibre sliding 
to occur. To support these conjectures, Servais et al. (1999a) carried out fibre pull-out 
tests on a short-fibre, glass-mat-reinforced polypropylene, with volume fractions in the 
range of 9% to 14% at 200°C. To do this, they embedded a single fibre, denoted a 
“traction fibre” between two layers of the composite material. They varied the volume 
fraction by varying the compression load on the two layers, and then measured the force 
required to pull the traction fibre out. They compared results with/without the 
polypropylene melt, and noted that in both cases, motion of the traction fibre only 
occurred when a certain force (which they called a yield force) was exceeded, consistent 
with the presence of frictional resistance at points of fibre contact. The measured yield 
force was lower for the suspension with the polypropylene melt than the material without 
the polypropylene melt, which they attributed to boundary lubrication at the surfaces. 
Furthermore, once the yield force was exceeded, the force became constant, consistent 
with Coulombic friction. 
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2.5.4.2 Lubricated friction 
Fibres in frictional contact may be separated by lubrication. Lubrication theory 
indicates that for two, almost-parallel, lubricated surfaces, pushed into contact via an 
applied load, NF , and sliding relative to each other, the pressure in the fluid opposes NF
with increasing effectiveness as fluid viscosity,  , or sliding velocity, sv , increases 
(Popov, 2010). This can cause the surfaces to be forced apart so that the apparent 
“friction” force, frF , now does not result from dry friction, but instead results from the 
viscous stress of the fluid. The resulting effective coefficient of friction, eff , is described 
by a Stribeck curve, shown schematically in Figure 2.25 (Popov, 2010). In this curve, eff








The Stribeck curve shows three regimes of lubricated friction: 
Figure 2.25 Theoretical Stribeck curve, showing three modes of lubricated friction: 
I: boundary lubrication, II: mixed lubrication, and III: hydrodynamic lubrication. 
Insets illustrate the degree of engagement of microscopically rough surfaces in each 
mode (adapted from ten Thije et al. (2011) and Popov (2010)). 
1. Boundary Lubrication - At low values of sH , resulting from low values of sv  or 
 , or large values of NF , the two microscopically-rough sliding surfaces are in 
full frictional contact, as shown in the inset in Region I of Figure 2.25. If the 
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lubricating fluid is fully pressed from between them, the value of eff  will be that 
of the two dry surfaces. However, a thin layer of lubricating fluid may adhere to, 
or be absorbed into the gaps between the rough surfaces, reducing eff  to a lower, 
“boundary-lubricated” value. For example, Servais et al. (1999a) reported a 
reduction in eff  of glass fibres from 0.29 when dry to 0.08 when immersed in a 
polypropylene melt at 200°C. No dependency on sliding velocity (i.e. no rate 
dependence) was observed. 
2. Hydrodynamic Lubrication - In Region III, at large values of sH , resulting from 
high values of sv  or  , or small values of NF , fluid pressure causes sliding 
surfaces to be forced apart by a distance greater than the sum of their surface 
roughness, as illustrated in the inset of Region III in Figure 2.25. As a result, 
sliding resistance is controlled by shearing of the lubricating fluid, and the value 
of eff  is determined only by the shear properties of the fluid. The value of frF
necessary to shear the fluid is lower than the value to slide against boundary 
lubricated friction, explaining the lower eff  value in Region III compared to 
Region I. However, as sH  increases in Region III, eff  increases. For example, as 
sv  increases in Region III, Newtonian behaviour requires that frF  increases, 
resulting in a rising eff . 
3. Mixed lubrication - In Region II, the separation between the surfaces is of the
same order as their roughness. Consequently, a portion of the surface is in
boundary lubricated frictional contact, while the remainder is hydrodynamically
lubricated, as indicated in the inset of Region II in Figure 2.25. This results in a
lower value of eff  than for boundary lubrication. The magnitude of the separation 
increases with sv , reducing the portion of rough surfaces in contact, resulting in a 
decrease in eff , until the hydrodynamic lubrication value is reached. 
Tu and Fort (2004) examined lubricated, frictional interaction between nylon fibres 
under tension, and roughened, rotating aluminium or nylon capstans, with a variety of 
lubricating oils. They found that the behaviour of this system was well-described by a 
Stribeck curve, with stick-slip occurring in both boundary and mixed lubrication regimes, 
while disappearing in the hydrodynamic lubrication regime. 
Literature Review  
2-40
Finally, a viscous adhesion force may also exist between lubricated surfaces, which 
opposes their separation (Popov, 2010). It can be thought of as the force necessary to 
separate two lubricated surfaces and allow fluid to be sucked back into the increasing gap, 
resulting in a time-dependent separation of the two surfaces. 
2.5.5 Slip at fibre-polymer and composite-wall interfaces 
Much of the hydrodynamic behaviour of the melt in the presence of fibres, described 
in the previous section, results from the assumption of no-slip boundary conditions 
between the microscopically rough surface of the fibres and the polymer melt, or between 
the composite and rheometer plates or ATP rollers. This is the usual assumption between 
any fluid in contact with a solid surface. A question arises as to whether this is a valid 
assumption for polymer or composite melts. Hence, literature on polymer melt slip at 
rough surfaces was surveyed, to explore this assumption. Brochard and De Gennes 
(1992)) proposed an interfacial rheological law for slip, as shown in Figure 2.26(a), given 
by: 
0








   
 
 2.21
where sv  is the slip velocity, b  is an extrapolation length, w  is the shear strain rate at the 
wall, and w  is the wall shear stress. Hatzikiriakos (2012) has extensively reviewed 
polymer slip and has described for some polymer melt interfaces that, at high shear 
stresses, slip may occur at solid interfaces via two basic mechanisms. 
1. Weak slip – caused by polymer chains detaching directly from the wall
(desorption), which occurs at low adhesion energies. The overall behaviour still
resembles no-slip behaviour.
2. Strong slip – caused by disentanglement of polymer molecules from each other at
a slip plane slightly away from the interface. This usually occurs for linear
polymers with a high adhesion energy at the interface, when the shear stress
exceeds a critical wall shear stress, 
cw
 . It leaves a thin layer of polymer engaged 
with the wall (ten Thije et al., 2011). Brochard and De Gennes (1992) describe 
how entangled polymer chains, grafted to a wall at one end, may undergo a 
coil-stretch transition in a strong shearing flow, becoming disentangled from the 




Figure 2.26  (a) Idealised velocity profile for no slip and slip at a wall (adapted from 
Brochard and De Gennes (1992)), and (b) idealised measured and actual displacement 
amplitude profiles under slip conditions at parallel rheometer plates (adapted from 
Hatzikiriakos (2012)). 
Polymer melt slip at the interface with a solid surface can be detected via rheometry. 
For example, in a parallel plate rheometer, for an applied apparent nominal shear strain, 
n , and associated strain rate, n , if slip occurs between both plates and the polymer melt, 
this would result in a smaller true shear strain,  , and associated strain rate,  , as shown 
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where h  is the gap between the plates. This equation indicates that slip can be detected 
via the gap dependence of the flow curve. Similar detection procedures exist for other 
rheometry methods. With such techniques, slip has been reported for linear polymers, 
such as linear polyethylenes, polybutadienes, fluoropolymers, and polydimethylsiloxanes, 
and the absence of slip has been reported for branched polyethylenes. For example, a 
critical stress, 
cw
 , of 0.1 MPa has been reported for a high density polyethylene with a 
steel sliding rheometer plate (Hatzikiriakos, 2012), while a 
cw
  value of 0.3 MPa can be 
deduced from the results of Piau and El Kissi (1994) for low density polyethylene at 
190°C in a tungsten carbide capillary tube. 
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2.5.6 Finite-element models of flow mechanisms in continuous CF/PEEK 
melt 
Finite-element models have been employed to study friction in dry fibrous materials. 
Beil and Roberts (2002a), (2002b) used purpose-written code to study the compression of 
such materials, focussing on fibre-fibre friction, and detection and handling of fibre-fibre 
contact. Durville (2012) developed a finite-element approach that treats fibres as 
finite-strain beams, also focusing on contact and friction between fibres. This approach 
was employed by Moustaghfir et al. (2013) to model the compression force of Polyamide 
6.6 rovings, each composed of a bundle of 40 dry, unidirectional, twisted filaments, of 
length, 87 mm and diameter 0.4 mm, under tension. The volume fraction was not reported 
or controlled, but examination of their published model images indicate that it was in the 
range of 60% to 70%. In their work, friction was employed between adjacent fibres, with 
f  values of 0.2 to 0.3 providing results which matched experimental data. Overall, a 
non-linear increase in force with degree of compression was reported, with some sudden, 
stepped increases, but the presence of an overall yield force caused by friction was not 
reported. 
Micromechanical, finite-element studies using representative-volume-element (RVE) 
approaches have been employed extensively to investigate the transverse properties of 
continuous-fibre composite materials (Vaughan, 2011). In the case of composite melts, 
Abadi (2010a), (2010b) examined the transverse viscosity of CF/PEEK melt with a 
purpose-written, Lagrangian, finite-element code. They employed a simple periodic RVE, 
consisting of a single fibre, immersed in a PEEK-melt with no-slip boundary conditions. 
The PEEK melt at 399°C was modelled with the Carreau model of Pipes et al. (1994) 
mentioned in Section 2.3.2.1. On application of transverse shear deformation to the RVE, 
fibre rotation was observed, and the composite (homogenised) viscosity increased with 
fibre volume fraction. They observed shear-thinning of the RVE composite viscosity at 
shear rates of 1 s-1 to 100 s-1, which corresponds to shear thinning of the PEEK melt. 
However, they did not examine low strain rates, < 1 s-1, at which shear thinning of the 
composite would be expected, as shown in Figure 2.15. This may be because 
fibre-friction effects could not be included. In fact, the author is not aware of any 
finite-element studies of multi-fibre RVE models that account for frictional interaction 
between fibres in the presence of a polymer melt. 
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2.6 Yield-stress materials 
Of relevance to this work is a large class of complex fluids, termed structured fluids 
or yield-stress materials. Generally, such materials consist of suspensions of particles in a 
fluid (Mueller et al., 2010), and exhibit a yield stress, below which, they behave like a 
solid. Viscous flow and deformation only occur when the imposed stress exceeds the 
yield-stress value (Lipscomb and Denn, 1984, Møller et al., 2009). Materials of this type 
are ubiquitous, examples of which include paints, mayonnaise, lipstick, toothpaste (TA 
Instruments, n.d.-a, n.d.-b), mudslides, avalanches, magma flows, (Mueller et al., 2010), 
blood, yoghurt, tomato puree, molten chocolate (Chhabra, 2010), and concrete (Møller et 
al., 2009). The presence of a yield stress has been observed in suspensions of 
discontinuous fibres in a polymer melt (Ericsson et al., 1997, Servais et al., 1999a, 
1999b), and in continuous CF/PEEK melt (Groves et al., 1992). 
Since viscosity in shear is normally employed to characterise fluid flows, a yield 
stress in shear, y , seems to be the most relevant parameter to describe the effect of a 
yield stress, although a yield stress in compression or extension, y , may also be 
apparent. In simple yield-stress fluids at low shear rates, below a critical value, critical , 
frictional particle interactions create a network structure, imparting a solid-like behaviour. 
In displacement controlled tests, this appears as a constant stress, y , illustrated in 
Region I of Figure 2.27, and hence, as a shear viscosity that decreases with increasing 
shear rate.  
At strain rates above critical , at which the applied stress overcomes frictional 
interactions, the network structure breaks up, and the material flows viscously. If the fluid 
is Newtonian, shear stress increases linearly on a log-log graph of shear stress versus 
shear rate, corresponding to a constant viscosity. This is illustrated in Region II of Figure 
2.27. More complex yield-stress fluids may have particle interactions that are attractive or 
repulsive, or exhibit two critical strain rates, between which, a phase change occurs 
(Ovarlez et al., 2009). 
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Figure 2.27 Schematic of shear stress under simple shear of a simple yield-stress fluid, 
where Region I is the yield-stress region, and Region II is the viscous region. Insets show 
velocity vectors that illustrate shear localisation at strain rates below critical , and viscous 
flow at strain rates above critical , (adapted from Ovarlez et al. (2009)). 
2.6.1 Characteristics of yield-stress behaviour 
2.6.1.1 Viscosity bifurcation 
Flow in the yield-stress region is unstable, since if the applied stress exceeds the 
yield stress, and the flow is unconstrained, then the material flows viscously at the highest 
strain rate possible. Thus, the measured viscosity has either an infinite value at a shear 
strain rate of zero, or a viscous value at a shear strain rate above critical . In fact, many 
such fluids are thixotropic, in that viscosity decreases with increasing shear rate. Thus, 
once flow begins, the shear rate rapidly increases. This is referred to a “viscosity 
bifurcation” (Møller et al., 2009). Below critical  and above  =0 is the yield-stress region. 
Møller et al. (2008) observe that flow in this region is only possible if the strain rate is 
constrained to this range. One consequence of this is that imposed-shear-stress rheometry 
cannot provide viscosity results below critical , they can only be produced through 
imposed-shear-rate rheometry.  
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2.6.1.2 Shear banding 
Shear deformation, via Couette flow, in the yield-stress region is usually 
accompanied by shear banding or strain localisation (Møller et al., 2008, Ovarlez et al., 
2009). At global shear rates below critical , layer(s) closest to the moving platen move, but 
lower layers essentially do not, as illustrated in the inset of Region I of Figure 2.27. It is 
difficult to observe this phenomenon experimentally. Raynaud et al. (2002) developed a 
nuclear magnetic resonance (NMR) technique, whereby shear banding can be detected in 
a suspension sheared between two concentric cylinders located within the magnetic field 
of an NMR system. This method had a spatial resolution of 500 μm. While they employed 
this technique to study shear banding in bentonite solutions, other researchers employed it 
to study mayonnaise, silica solutions, white cement (Coussot et al., 2002), and silica 
colloidal gels (Møller et al., 2008). In simple yield-stress materials and some gels and 
colloids, the fraction of fluid sheared, f , follows the so-called “lever rule”. This states 
(Møller et al., 2008) that for a material of thickness h , with a shearing band of height 1h , 












The thickness of the shearing band reduces at lower values of global strain rate, such that 
the local strain rate in the shearing band remains at or slightly above critical  (Møller et al., 
2009, Coussot et al., 2002). At high strain rates above critical , no banding is observed, and 
the entire material flows viscously, as illustrated in the inset of Figure 2.27 in Region II 
above critical . 
2.6.1.3 Solid-like behaviour in flow 
Another consequence of the occurrence of the viscosity bifurcation and shear 
banding is that flow of a yield-stress material in a pipe or a channel between two parallel 
plates at low flow rates may exhibit some solid-like behaviour. Such flow is illustrated in 
Figure 2.28. It consists of viscous shearing flows at the plate walls, where the stress in the 
material is above the yield stress. Between these two regions is a flow that does not 
deform in shear, compression or extension. Hence, all components are below the yield 
stress, resulting in the transport of material in rigid body form. This is sometimes referred 
to as “plug flow”. The interface between these two regions is termed the “yield surface”. 
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The inset of Figure 2.28 shows an illustration of this type of flow in a kaolin suspension, 
from Coussot et al. (2002). 
Figure 2.28 Schematic of a yield-stress fluid flow between two parallel plates. Inset 
shows experimental evidence reproduced from Coussot et al. (2002), illustrating the 
view from above of an initially straight black pepper line dropped upstream on the 
flowing surface (left to right) of a kaolin suspension in an inclined, rectangular, open 
channel. Shearing flow at the channel edges, and undeformed plug flow along the 
centre line are evident. 
2.6.2 Models of yield-stress materials 
Various analytical models have been employed in the literature for yield-stress 
materials, incorporating the “lubrication approximation” (Appendix A). This 
approximation performs calculations based on the shearing components of flow, 
neglecting the normal components. Models feature two regions of behaviour, illustrated in 
in Figure 2.29, that are calculated separately. At each location in the flow, it must be 
determined if the yield stress, y , has been exceeded. To do this, von Mises stress in the 
fluid, calculated with the lubrication approximation,   , is compared to the yield stress, 
y . As an aside, note that this means that normal stress components are not included in 
the calculation of von Mises stress, so    is not the true von Mises stress, if normal 
components exist. This issue is discussed later in Section 2.7.2. If y   , the behaviour 
is determined to be in the yield-stress region, denoted Region I in Figure 2.27, and the 
behaviour is solid-like. This is modelled as an elastic solid with a very large shear 




Alternatively, it can be modelled as a rigid solid, for which the strain rate,  , is given by: 
0  2.25
The viscous region is denoted Region II in Figure 2.27, for which y   , and the 
material flows viscously. Several analytical models describe the behaviour in this region, 
with the choice depending on the post-yield performance of the fluid. 
2.6.2.1 Bingham model 
A Bingham model describes a yield-stress material, with Newtonian behaviour in 
Region II, as indicated for fluid (i) in Figure 2.29. When the yield stress is exceeded, the 
material flows with a viscosity that is constant with strain rate. Hence, in Region II, for 









where   is the Newtonian viscosity. In Region II, the model corresponds to a Newtonian 
viscosity,  , with the component, y


, added for the yield stress. The model is difficult to 
implement numerically due to the discontinuity between Regions I and II.  
An alternative approach, proposed by Papanastasiou (1987), approximates stress in 
both Region I and Region II by the continuous function: 
  1 Papny e 
  








where Papn  is an exponent which controls the accuracy of the approximation. This model 
is shown as fluid (ii) in Figure 2.29. It easier to implement and solve numerically as it 
transitions smoothly from no flow to viscous flow. However, it has an inaccuracy at very 
low strain rates, where it deviates from yield-stress behaviour towards a finite zero-rate 
shear viscosity. 
Another approach, proposed by O'Donovan and Tanner (1984), employs a 
bi-viscosity fluid, for which, the constant yield stress, y , is replaced by a rate-dependent 
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stress determined by a yield viscosity, DT , at shear rates below critical . In their work, the 




Figure 2.29 Schematic of the behaviour of three different types of yield-stress-fluid 
analytical models, showing (a) shear viscosity, and (b) shear stress, where Region I is 
the yield-stress region, and Region II is the viscous region. (i) Newtonian fluid 
(Bingham material), (ii) Papanastasiou (1987) version of a Bingham material, (iii) 
power-law, shear-thinning fluid (Herschel-Bulkley material), and (iv) more general 
form of the Herschel-Bulkley model with a Carreau fluid. 
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2.6.2.2 Herschel-Bulkley model 
A Herschel-Bulkley model (Herschel and Bulkley, 1926), describes a yield-stress 
material behaviour, with Region II being non-Newtonian and described by a power law, 
similar to equation 2.15. With a suitable choice of index, the power law can either be 
shear-thinning, (0 < index < 1), shown as fluid (iii) in Figure 2.29, shear-thickening, 
(index > 1), or in a simplified form (index = 1), it can be Newtonian, resulting in a 
Bingham material. The shear-thinning form is sometimes referred to as a 
yield-pseudoplastic fluid (Chhabra, 2010). Shear stress in Region I is given by equations 
2.24 or 2.25, while shear stress in Region II is given by: 
1pn
y pK  

  2.28 
where 
pK is the consistency and pn is the power-law index in equation 2.15. 
2.6.2.3 A more general form of Herschel-Bulkley model 
Servais et al. (1999b) showed that a suspension of long fibre bundles in a polymer 
fluid, with viscosity described by a Carreau model (equation 2.3), belongs to a more 
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where 0 ,  , pn  and ck  were defined for equation 2.3, with ck = 2 and   (equation 2.3) 
assumed to be zero. This model exhibits a shear-thinning viscosity at low strain rates, 
characteristic of the presence of a yield stress, and both a Newtonian region and a 
shear-thinning region at high strain rates, characteristic of the Carreau model. It is 
illustrated as fluid (iv) in Figure 2.29. 
2.6.2.4 Constitutive model for a yield-stress material 
A constitutive model for a yield-stress material was proposed by Boisly et al. (2014), 
incorporating a “friction element”. This element delivers a frictional resistance of the 
form: 
N ( )f f fF F sgn   2.30 
where   is the local strain rate of the yield-stress material, and 
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This element would produce a frictional force that is always in the opposite direction to 
strain rate. 
2.7 Squeeze flow 
Squeeze flow occurs when material is compressed between two parallel plates, with a 
resulting reduction in height, accompanied by lateral squeeze-out of material (Engmann et 
al., 2005). It is a common topic in fields ranging from food processing, to composite 
forming processes, to geological flows. Many materials for which squeeze flow is 
reported in the literature are yield-stress materials. Generally, squeeze flow is biaxial, or 
axisymmetric, whereas squeezing of CF/PEEK pre-preg in an ATP system is a special 
case involving two-dimensional, lateral squeeze flow. Engmann et al. (2005) reported a 
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Ranganathan et al. (1995) showed that squeezing pressure varies parabolically from the 
middle of the squeezing platen/roller to the edge. 
2.7.1 Boundary conditions between plates and material 
Boundary conditions between plates and material strongly influences the nature of 
squeeze flow. There are three boundary conditions of interest, illustrated in Figure 2.30. 
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Figure 2.30 Illustration of squeeze flow between two parallel plates showing (a) 
Un-squeezed material, (b) Plug flow with perfect-slip boundary conditions (adapted from 
Servais et al. (2002)), (c) Parabolic flow with no-slip boundary conditions (adapted from 
Covey and Stanmore (1981)) and (d) Lubricated plug flow with no-slip boundary 
conditions. 
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1. Perfect slip - The material slips laterally with respect to the plates, and is squeezed
out via compression or extension only, to give a shear-free flow (Bird et al., 1987),
or “plug flow”, as shown in Figure 2.30(b). Rates of compression and extension
are constant across the material. Perfect slip is common in metal forming but is
generally difficult to achieve.
2. No slip - The material is completely restricted from motion at the plate surface by
its microscopic roughness. Therefore, during squeezing, the material deforms in
shear at the plate surface, and in compression and extension along the centre-line
and mid-line. Between these two regions, a mixture of shear and
compression/extension occurs. In many cases, a large portion of the material
deforms in shear, resulting in “parabolic flow”, as illustrated in Figure 2.30(c). In
many publications, this was termed a shearing flow, as it was incorrectly thought
to only involve shear deformation, leading to acceptance of the lubrication
approximation in equations derived to describe its behaviour.
In other cases, only a thin layer of the sample at the plate surface deforms in
shear, with the remainder deforming primarily in compression and extension,
resulting in a “lubricated plug flow”, as illustrated in Figure 2.30(d). Shear rates
are constrained to assume a range of values, low at the centre-line to high at the
flow-front, while rates of compression and extension are high at the mid-line and
low at the plate surfaces.
In a finite-element model of squeeze flow using Polyflow® from Ansys®, Debbaut
(2001) described axisymmetric squeeze flow of Newtonian or viscoelastic
materials with no-slip conditions, which resulted in a “fountain flow” mechanism,
illustrated in Figure 2.31. In this flow, material extrudes laterally along the
mid-line, to a greater extent than described above for parabolic flow, causing
significant stretching of the flow-front. Additionally, the flow-front rolls over and
makes no-slip contact with upper and lower plates, causing a larger shear strain
and shear strain rate than at existing no-slip boundaries.
3. Partial slip – For a yield-stress material, the limiting boundary conditions above
are difficult to achieve in practise (Engmann et al., 2005), and some form of
partial-slip may occur. Modelling studies handle it in different ways. For example,
Ranganathan et al. (1995), in their ATP squeeze-flow model,  handled it as a slip
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where n  is the normal vector to the wall and wK   controls boundary behaviour. If 
wK   , a no-slip boundary condition results, whereas 0wK    results in a 
perfect-slip boundary condition. Partial-slip behaviour results from finite, non-zero 
values of wK  , with slip occurring to some extent at all points across the material 
surface. Alternatively, Tang and Kalyon (2004) and Kalyon (2005) suggested that in 
viscoplastic suspensions, a slip layer of fluid forms at the plates, which has a lower 
viscosity than the suspension. To model this, they employ a Navier-slip coefficient, 
N , that enforces a slip velocity, sv , related to shear stress at the wall, w , which for 
a Newtonian fluid is given by: 
s N wv   2.35 
No-slip behaviour results from 0N  , perfect-slip behaviour results from N  
and partial-slip behaviour results from finite, non-zero values of N . 
Figure 2.31 Modelled axisymmetric squeeze flow of Newtonian or viscoelastic fluids 
(thickness = 1 cm, radius = 5 cm) between two parallel plates, showing displacement of (a) 
horizontal material lines, and (b) vertical material lines (reproduced from Debbaut (2001)). 
Other approaches focus on the determination of a critical stress at the interface, 
cw
 , 
above which, slip occurs. One such approach, implemented by Adams et al. (1997) for 
axisymmetric squeeze-flow of an elasto-viscoplastic paste between unpolished stainless 
Literature Review   
 2-54  
steel plates, calculated 
cw
  with a Coulomb friction coefficient, f  = 0.1. Sonmez and 
Hahn (1997), also employed Coulomb friction to model squeeze-flow of APC-2 
CF/PEEK between stiff platens, with f  = 0.24. This approach results in a cw  value that 
varies with local normal stress (applied pressure), and hence, with position across the 
material sample.  
Sherwood and Durban (1996) assumed that, for a power-law, viscoplastic material 
with a yield stress, 
cw
  is related to y  by: 
 
cw y
m    2.36 
where m  varies between 0m   (perfect slip) and 1m   (no-slip). This is sometimes 
referred to as a “Tresca” wall boundary condition. In this case, for a given value of m , 
cw
  is constant for all squeezing rates. This is reasonable for a power-law material, since 
it exhibits a constant yield stress in shear with no increase in shear stress at higher shear 
strain rates. A variant of this approach was employed for a Herschel-Bulkley fluid by 
Sherwood and Durban (1998) in which the critical value of 
cw


















where c  is a material constant, yv  is the vertical velocity of the plates as they approach 
each other, ih  is the initial gap between plates and pn  is the power-law index. In this 
case, 
cw
  increases with squeezing rate, i.e. yv , presumably to match the viscous increase 
in shear stress. Unlike preceding models with Coulomb friction, these calculations of 
cw
  
are independent of normal stress and hence, position across the squeezing platen. 
2.7.2 The squeeze-flow paradox 
The lubrication approximation causes non-physical behaviour when utilised with a 
yield-stress fluid in squeeze flow (Lipscomb and Denn, 1984). The problem arises with 
the attempt to interpret the portion of material that has yielded and is flowing, the portion 
that has not yielded and is still in solid form, together with the yield surface that divides 
them. Usually, von Mises stress is compared to the yield stress, y , to determine if 
yielding has occurred. With the lubrication approximation, a calculation of von Mises 
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stress that only includes shear stress components, i.e.   , is compared to y  (see 
Appendix A). As can be seen in Figure 2.30(b), (c) and (d), regions exist in the proximity 
of the mid-line and centre-line that do not deform in shear, and would therefore have 
0   . Thus, the contradiction is that squeeze-flow should not be able to occur if regions 
near the mid-line and centre-line are below the yield stress, yet clearly material at the 
centre-line is compressing, and material at the mid-line is expanding. This contradiction 
results from neglecting normal components of stress (Wilson, 1993). To resolve this 
paradox, Lipscomb and Denn (1984) proposed that in squeeze flow, there must be 
continuity of velocity, with no yield surface present. They identified the following 
necessary characteristics for squeeze-flow of a Bingham, yield-stress fluid (Lipscomb and 
Denn, 1984): 
1. No flow can occur anywhere in the flow field until a minimum stress is reached.  
2. Yielding must occur over the entire flow field. 
3. No unyielded region can exist in the flow field. 
4. Flow continues until the yield condition is not met somewhere in the flow field, at 
which point all flow stops. 
2.8 Modelling squeeze flow 
2.8.1 Analytical models 
Various analytical models have been employed to accommodate the above criteria. 
One approach involves the use of a bi-viscosity material model, in conjunction with a 
correction to the yield criteria to include normal stresses, while retaining the lubrication 
approximation for equations of motion (Wilson, 1993, O'Donovan and Tanner, 1984). 
Alternatively, Sherwood and Durban (1996) analytically modelled axisymmetric 
squeeze-flow of a viscoplastic solid (plastic rigid solid) as a rate-independent material 
with a yield-stress, with hoop stresses included and Coulomb friction at plate boundaries. 
Rogers (1989b) used constant viscosity and an IFRM. 
2.8.2 Finite-element models 
Generally, finite-element models of squeeze-flow overcome the squeeze-flow 
paradox, as all deformation modes are included. Adams et al. (1997) modelled 
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axisymmetric squeeze flow of “Plasticine” in Abaqus® version 5.4, using an implicit 
solution scheme, a nearly-incompressible, elasto-viscoplastic material formulation with a 
von Mises yield-stress that included all stress components, and Coulomb boundary 
conditions that resulted in no-slip behaviour. Debbaut (2001) modelled axisymmetric 
squeeze flow of Newtonian and viscoelastic materials in Ansys® Polyflow®, as mentioned 
in Section 2.7.1 and illustrated in Figure 2.31. 
Picher-Martel et al. (2016) developed a two-dimensional model of squeeze-flow 
compression of a CF/PEEK, randomly-oriented-strand (ROS) material, in Comsol 
Multiphysics®. They employed a mixed Eulerian-Lagrangian approach with two-phase 
flow, which overcomes problems with large mesh deformation. The material was treated 
as a fluid with the full Stokes equation (i.e. with normal components included). Viscosity 
was described using the Papanastasiou (1987) modification of a Bingham material model, 
described in Section 2.5.6, and no-slip boundary conditions were employed at the plates. 
Interestingly, their model results also appear to exhibit “fountain flow” behaviour 
described by Debbaut (2001). 
2.8.3 Modelling the ATP consolidation process 
Ranganathan et al. (1995) developed an analytical model of ATP squeeze-flow and 
void consolidation of APC-2 CF/PEEK pre-preg under a stiff metal roller. It employed 
the homogeneous, temperature-dependent, rate-independent, CF/PEEK, fibre-melt 
viscosity,  , from Mantell and Springer (1992) at 380°C, mentioned in Section 2.4.3.1. 
This Arrhenius viscosity does not account for the presence of a yield stress. Ranganathan 
et al. (1995) assumed that, due to the relatively high value of PEEK melt viscosity, fibres 
convect with the melt. They further assumed the “lubrication approximation” of the 
Navier-Stokes equation in the model derivation (Appendix A). This approximation has 
since been shown to be incompatible with squeeze flow of a yield-stress material, as 
discussed in Section 2.7.2. An incompressible version of the model allowed examination 
of applied pressure, total squeezing force, and resulting lateral squeeze flow. A 
compressible version conceptually incorporated spherical, intra-laminar voids in the 
pre-preg tape. These compress under applied pressure at a rate determined by pressure 
inside the void, governed by the ideal-gas law, the local temperature and viscosity of the 
fibre-melt. Additionally, the model allowed for a range of boundary conditions between 
perfect-slip and no-slip on both surfaces. 
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Shortcomings of this model include, the over-estimation of the rate of void radius 
decrease, the assumption of spherical voids instead of extended along fibres, the use of 
the rate-independent fibre-melt viscosity and the use of the “lubrication approximation”. 
Nonetheless, it has been widely employed in other studies (Schledjewski and Latrille, 
2003, Tierney and Gillespie Jr, 2003, 2006). For example, Tierney and Gillespie Jr (2006) 
employed this approach to model consolidation of a 6.4 mm wide tape under metal 
rollers. They modelled a maximum consolidation pressure of ~200 MPa, resulting from 
an applied roller force of 250 N, and a roller speed of 2.4 m.min-1, with no-slip conditions 
at the underlying laminate surface and partial-slip or perfect-slip conditions at the roller.  
More recently, a finite-element approach by Gruber et al. (2012) using Polyflow® 
from Ansys®, employed a homogeneous material model to examine squeeze flow and 
intimate contact development of the rough surface of APC-2 CF/PEEK. Unfortunately, 
details of the fibre-melt viscosity or the boundary conditions employed were not reported.  
Levy et al. (2012) described an ATP squeeze flow model under a conformable 
silicone rubber roller with a steel core. By modelling silicon rubber as a Mooney Rivlin 
material they calculated the pressure field under the roller for an applied roller force of 
400 N. It exhibited a peak value of ~57 MPa over a contact length of ~11 mm. They did 
not report the fibre-melt viscosity details. In their work mentioned previously, Grouve 
et al. (2013) estimated a contact length of ~15 mm under a roller force of 450 N, 
equating to an averaged pressure of 400 kPa, assuming that the roller makes contact 
with many strips of tape. By employing a pressure sensitive layer beneath the 
depositing tape, they revised this value to ~600 kPa.  
2.9 Discussion  
In Section 2.2, some of the key elements of ATP processing are considered. It 
emerges that transverse shear viscosity of CF/PEEK is very important in determining its 
response to ATP processing. Low viscosity values assist squeeze-flow consolidation of 
the pre-preg tape, benefiting void compression and gap reduction between adjacent tape 
strips. Low viscosity values would also promote faster time to full intimate contact 
between laminate layers, allowing fusion bonding to progress to form a strong join that 
would be indistinguishable from bulk material. 
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However, in Section 2.4.2, it is clear that the rheological behaviour of CF/PEEK is 
not well understood, with a wide variety of viscosity values reported in the literature. 
Experimental results have generally shown it to be shear thinning at all strain rates tested 
to date, which has been modelled by a power law. Some of the tests were very elaborate, 
for example the tests of McGuinness and Ó Brádaigh (1998) and Groves et al. (1992). In 
contrast, the test of Stanley and Mallon (2006) was conceptually straightforward. Results 
from that test support the overall conclusion of a power-law viscosity. A possible 
exception are the two modelled results of Shuler and Advani (1996), which followed a 
Carreau model. Their approach was also very involved, requiring a model fit to complex 
intermediate results. In consideration of the power-law behaviour reported above, the 
Carreau model fit they adopted may not have described the true behaviour. It is possible 
that they would have obtained results closer to other reported data if they had chosen a 
power-law model fit instead. Nonetheless, although their modelled viscosities at strain 
rates above ~0.04 s-1 were the highest of all reported values, their reported viscosities are 
shear-thinning above ~0.02 s-1, albeit not at the same rate as other reported data. 
Several authors reported inverse temperature dependence of PEEK shear viscosity, to 
varying extents, modelled with Arrhenius models. Similarly, transverse shear viscosity of 
CF/PEEK was reported to decrease with increasing temperature in a number of papers. 
With the exception of results from McGuinness and Ó Brádaigh (1998), these are also 
based on Arrhenius models. Conversely, experimental results of Haanappel and 
Akkerman (2014) for longitudinal shear viscosity were temperature independent. 
Whether this difference is due to the shear mode is an open question. 
A clear observation from the reported data in Figure 2.15 is the very wide range of 
transverse shear viscosity results obtained experimentally. There are nearly two orders of 
magnitude variation between the lowest and highest values of viscosity. In a model of 
ATP processing, such an uncertainty in viscosity would cause enormous ambiguity in 
modelled results. Consequently, it is important to experimentally investigate CF/PEEK 
viscosity further to understand the cause of the ambiguity and provide a more consistent 
set of viscosity values. 
There are other interesting aspects to the reported data. Groves et al. (1992) 
recognised that their results showed that a yield stress of ~1 kPa existed. Since a yield 
stress is normally associated with elastic-plastic behaviour in metals, its presence was 
surprising in CF/PEEK melt and was not deduced by other authors. Another point noted is 
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that, since the experimental techniques employed are only suitable for low strain rates, 
CF/PEEK viscosity at high strain rates, i.e. more than ~5 s-1, has not been reported. 
However, it is noticeable from Figure 2.15 that if the power-law, shear-thinning viscosity 
of Stanley and Mallon (2006) was extrapolated to higher strain rates, it would drop below 
the PEEK viscosity at ~10 s-1. This possibility seems unlikely, and interestingly, the data 
of Groves et al. (1992) deviates from such a trend above ~0.2 s-1. Finally, the power-law 
viscosity is significantly higher than the viscosity of the PEEK melt at low strain rates, 
which suggests that the presence of the fibres adds mechanisms to the melt that dominate 
the behaviour, at least at low strain rates. 
As discussed in Section 2.5, there is a wide variety of mechanisms occurring in 
fibre-reinforced materials that may influence its shear viscosity. The presence of fibres 
causes forces to increase hydrodynamically due to shear stresses caused by the rate of 
shear deformation via the no-slip condition at fibre edges. This has been reported by Pipes 
et al. (1994) for continuous, unidirectional fibres. For some polymer melts, this effect 
may be reduced by slip, which has been observed to occur at high shear stresses 
(Hatzikiriakos, 2012), limiting further stress increase with shear rate. Notwithstanding 
this, slip has not yet been reported for PEEK melt in contact with carbon fibres.  
The forces to compress pre-preg in squeeze flow may be increased by fibre-bending 
(Gutowski, 1985, Gutowski and Dillon, 1992, Cai and Gutowski, 1992), giving rise to an 
“elastic fibre bed”. Additional force increase was attributed to overcoming the 
hydrodynamic forces necessary to cause flow of melt from between fibres, as they were 
pushed downwards through the melt (Lindt, 1986, Hjellming and Walker, 1990, Shuler 
and Advani, 1996).  
Sundararajakumar and Koch (1997) observed that interaction between fibres via 
mechanical contacts restricts fibre motion, increasing hydrodynamic stress, leading to 
increased forces. However, more interesting is the effect when such interactions involve 
friction between fibres. Friction between dry, perpendicular fibres was demonstrated by 
Roselman and Tabor (1976) and Robins et al. (1984), with Coulomb friction assumed by 
both. Servais et al. (1999a) went on to consider the effect of such friction between 
crossing discontinuous fibres that were embedded in a polymer melt. Lubrication theory, 
(Popov, 2010), supported by the results of Tu and Fort (2004), suggests that in the 
presence of a melt, friction will most likely be boundary lubricated, giving a lower 
coefficient of friction than for dry friction. Servais et al. (1999a) deduced that power-law, 
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shear-thinning viscosity results from the domination of Coulombic friction between 
crossing fibres at low strain rates, while at high strain rates, hydrodynamic behaviour of 
the melt becomes visible. They model this behaviour with a general form of a 
Herschel-Bulkley material model. In Section 2.6, it becomes clear that this type of 
behaviour is characteristic of a yield-stress fluid or suspension. Furthermore, such fluids 
exhibit additional complex behaviours such as a viscosity bifurcation, strain localisation 
or shear banding and solid-like behaviour in some flows.  
A question that arises in the present work is whether CF/PEEK behaves as a 
yield-stress fluid. Friction between particles in a suspension is one of the many types of 
interaction that can result in a yield-stress fluid. In high-volume-fraction, continuous, 
unidirectional CF/PEEK pre-preg, in which fibres are aligned in parallel, crossing points 
at almost perpendicular angles, similar to that proposed by Servais et al. (1999a), are 
unlikely to occur. Instead, the X-ray tomography image of Suprem™ material from Comer 
et al. (2015), illustrated in Figure 2.9, shows that while unidirectional fibres are entangled 
and twisted, they are still mostly collinear. Thus, instead of point contacts, there are lines 
of contact between adjacent fibres. These can be seen as contact points in the 
two-dimensional cross-section from the X-ray tomography image. Moustaghfir et al. 
(2013) examined the effect of frictional interaction of this type between twisted, dry 
filaments. Although in that work, they reported plateaus in the compression force, 
suggestive of friction, but did not report the presence of an overall yield stress. However, 
while not commented on, possible evidence of shear-banding was visible in Stanley and 
Mallon (2006), as shown in Figure 2.17. Additionally, Picher-Martel et al. (2016) model 
CF/PEEK ROS material as a yield-stress material.  
Heterogeneous, finite-element methods have not been widely employed to investigate 
the behaviour of fibre-reinforced melts, such as CF/PEEK melt. An initial study by Abadi 
(2010a), (2010b), utilised a simple, single-fibre RVE, with no-slip and no-separation 
assumed, but did not account for friction. It would be interesting to extend an RVE 
approach to investigate if CF/PEEK pre-preg behaves as a yield-stress fluid and examine 
the impact of more complex yield-stress behaviours. 
2.9.1 ATP squeeze-flow model 
One of the main purposes of this work is to characterise CF/PEEK behaviour to 
enable development of better ATP consolidation/squeezing models. Considerations of 
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complexity and computational intensity have dictated that ATP consolidation studies of 
CF/PEEK generally treat the material as a homogenised medium, rather than explicitly 
defining individual fibres and surrounding melt. Previous analytical studies of 
consolidation (Ranganathan et al., 1995), have considered this homogenised viscosity as a 
single rate-independent value. It was shown in Figure 2.15 that this would result in 
overestimation of viscosity and stress in regions of high strain rates, and their 
underestimation in regions of low strain rate. Additionally, if, as may be the case, 
CF/PEEK behaves as a yield-stress material, then such a rate-independent viscosity 
would not account for the yield stress. Another drawback with this model is outlined in 
Section 2.7.2 and Appendix A. These describe how the lubrication approximation, 
employed by the model, would not handle the yield stress appropriately, and could also 
result in an inaccurate pressure calculation. Therefore, developing an improved model of 
ATP processing of CF/PEEK, with a rate-dependent viscosity model and a numerical 
approach that encompasses all deformation modes, would be beneficial. Rate-dependent 
viscosity model forms have been described in Section 2.8.1. Additionally, finite-element 
approaches include all deformation modes. With such a combination of viscosity model 
and finite-element approach, squeeze-flow under conformable, silicone rollers or stiff 
metal rollers could be examined. 
Finally, no-slip conditions are generally employed in squeeze flow models, and have 
been demonstrated experimentally at low squeezing rates, for which polymer melt 
stresses would be low. However, it is likely that at the higher rates possible in ATP 
squeeze flow, large melt stresses may cause slip to occur. The impact of this slip could be 
examined with such a model. 
2.10 Conclusion 
In conclusion, this thesis will model ATP squeeze-flow of CF/PEEK. To do this, the 
shear viscosity of CF/PEEK melt will be measured at variable shear rates via rheology to 
provide a rate-dependent viscosity dataset. An RVE, finite-element model will be used to 
investigate CF/PEEK behaviour, exploring mechanisms that cause its viscosity to be 
rate-dependent. Finally, ATP squeezing of CF/PEEK pre-preg tape will be modelled with 
the measured rate-dependent viscosity. 
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 Chapter 3
Rheological Characterisation of PEEK 
and CF/PEEK 
3.1 Introduction 
The rate-dependent shear viscosity of both PEEK and CF/PEEK, at processing 
temperatures, is an important measure of material processing behaviour. As outlined in 
Chapter 2, the rheological behaviour of PEEK melt is well documented (Narnhofer et al., 
2013), although not all of its many available grades have been reported on. CF/PEEK 
melt has also been previously studied (Stanley and Mallon, 2006, Groves et al., 1992, 
Shuler and Advani, 1996, McGuinness and Ó Brádaigh, 1998), but results vary 
substantially from study to study. Much scope exists for further examination of CF/PEEK 
behaviour under different loading and processing conditions. Comparisons of alternative 
kinds of CF/PEEK (besides Cytec’s APC2) are also rare, and with more manufacturers 
producing CF/PEEK than in the past, it is of interest to see if rheological differences exist 
between their products. 
The objectives of this chapter are, firstly, to gain fundamental insight into the 
rheological behaviour of PEEK and CF/PEEK melts, secondly, to investigate possible 
reasons for the large variations in CF/PEEK results to date, and thirdly, to establish the 
implications of the findings for ATP processing of CF/PEEK and provide 
recommendations on the most appropriate values to use for transverse shear viscosity of 
CF/PEEK as a function of strain rate, in ATP process models. The work entails a detailed 
rheological study of PEEK and CF/PEEK melts, which goes beyond just standard tests. 
The effects of pressure, temperature, atmosphere, and measurement time are studied. 
Some previously unreported and non-intuitive trends are found, but these results, and the 
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results in the literature, can be explained by assuming CF/PEEK to be a yield-stress 
material, in which shear banding can occur. 
The chapter is organised as follows: Section 3.2 gives an overview of the theory 
underpinning standard parallel-plate rheology for isotropic materials, and of an 
off-centred, balanced technique previously employed by Groves et al. (1992) for 
anisotropic, unidirectional materials. Section 3.3 describes the rheological methodology 
employed in the present work. Sections 3.4 and 3.5 present the results for PEEK and 
CF/PEEK respectively. A discussion of these results is given in Section 3.6. Finally, the 
main conclusions are presented in Section 3.7.  
Some of the findings from Chapter 3 are included in a journal paper that has been 
published in the Journal of Composite Materials, entitled Insights into wide variations in 
carbon-fibre/polyetheretherketone rheology data under automated tape placement 
processing conditions (Deignan et al., 2017). 
3.2 Parallel-plate rheology theory 
Rheology is defined as ‘the study of the deformation and flow of matter’ (Barnes et 
al., 1989). Fluids, soft deformable solids and structured fluids, may all flow, over a wide 
range of different timescales (Barnes, 1999). Rheometers have been developed to 
examine this flow, with various types available, e.g. shear or extensional mode 
rheometers, using capillary or rotational approaches. Rotational rheometers come in many 
different configurations, including cylindrical, cone and plate, or parallel plate. The 
parallel plate technique is used in this work. 
3.2.1 Viscous, elastic, and viscoelastic responses  
Flow of a viscous material occurs when one layer moves over another with a shearing 
motion. The shear stress, τ , in an ideal (Newtonian) fluid is proportional to rate of shear 
strain, i.e.: 
 τ ηγ=    3.1 
where η  is called the steady shear viscosity (viscosity under steady flow) and γ  is the 
shear strain rate. The shear viscosity of a fluid is a measure of the ‘internal friction’ or 
‘resistance to flow’ (Barnes et al., 1989), and is regarded as the most important parameter 
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characterising the flow of a fluid. In contrast, an elastic material exhibits a shear stress, τ , 
that is linearly proportional to the shear strain, γ , with the constant of proportionality 
being the shear modulus G , i.e. 
Gτ γ=  3.2 
Viscoelastic materials, including PEEK and CF/PEEK, contain components of both 
viscous (fluid) and elastic (solid) behaviour. Hence, both strain and strain rate are 
important rheometry variables. 
3.2.2 Application of shear strain 
In a parallel plate rheometer, the fluid to be tested is held between circular plates, of 
radius a, the lower one being fixed and the upper one being movable, as shown in Figure 
3.1. The plates are separated by a gap of height h . No-slip conditions are assumed 
between the fluid and the plates so that the fluid at the bottom plate boundary is at rest, 
while the fluid at the top plate boundary moves with the top plate. To apply a shear strain, 
the top plate is twisted through an angle, θ . Consequently, the fluid at the top plate 
boundary is displaced by an amount that varies with distance from the plate centre, i.e. 
fluid at a distance r  from the plate centre displaces through a distance rθ . Viewed from 
the side, the displacement at r  varies linearly through the thickness from rθ  at the top 
plate to zero at the bottom plate. Fluid at r  thus undergoes a shear strain ( )rγ  given by: 
( ) rr
h
γ θ=  3.3 
The shear strain output by the rheometer is the shear strain at the plate outer edge. For 




γ θ=  3.4 
The assumption of linear displacement of a fluid through its thickness is inherent in 
rheometry theory and is valid for typical fluids. However, as will be seen later in this 
chapter, it is not always a valid assumption for suspensions. 
Typically, there are two modes of operation: continuous steady flow, in which the top 
plate rotates continuously, resulting in quasi-steady or “continuous” fluid flow, and small 
Rheological Characterisation of PEEK and CF/PEEK 
3-4
amplitude oscillatory shear, in which a small oscillatory motion of the top plate occurs, 
resulting in non-steady flow. 
Figure 3.1: Schematic of a rotational parallel plate rheometer, showing relationship 
between twist angle, θ , and shear strain, γ , at the plate edge, with inset showing velocity 
profile at the plate edge. 
3.2.3 Continuous steady flow mode 




θθ = . Shear strain changes continuously, and a velocity gradient in the direction
normal to the plates develops as shown in the inset of Figure 3.1. The shear strain rate 




γ θ=    3.5 
The shear stress at the plate edge, aτ , for a Newtonian fluid is given by: 
a aτ ηγ=  3.6 
The torque, M , on the top plate is measured, and Walters (1975) has shown that, using 
this approach, the viscosity ( )aη γ  is determined as: 
( ) ( )( )3
ln3 11
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The derivation of this relationship is included in Appendix B. A range of strain rates can 
be evaluated by varying the angular velocity. Since shear strain in the fluid increases and 
relaxes continuously during flow, viscosity determined from this method is considered to 
be strain-independent, and is denoted the steady shearing viscosity of the fluid.  
3.2.4 Small amplitude oscillatory shear mode 
 While continuous flow rheometry provides a measurement of the viscous response 
of a material, oscillatory rheometry provides additional insight into its viscoelastic 
behaviour. In this mode, a sinusoidal variation of twist angle, with angular frequency ω , 
is applied to the rheometer top plate, i.e.: 
( ) ( )sint tθ ω= Θ   3.8 
where Θ  is the amplitude of the twist angle. The time-varying rate of change of twist 
angle is given by: 
( ) ( )cost tθ ω ω= Θ   3.9 
As a result, the material experiences a sinusoidal variation in shear strain, the amplitude 
of which varies with r: 
( ) ( ), sinrr t t
h
γ ω= Θ   3.10 
At the rheometer plate edge, this is (Barnes et al., 1989): 
( ) ( )sina at tγ γ ω=   3.11 




γ = Θ  3.12 
A sinusoidal shear strain rate is experienced by the material, which is out of phase with 
the shear strain, and given by: 
( ) ( )cosa at tγ γ ω=   3.13 




γ ω ω γ= Θ = 3.14 
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The measured torque, ( )M t , is also time-varying, and generally out of phase with ( )a tγ  
by a phase angle, δ . For a purely elastic material, stress (and therefore, M ) is in phase 
with the strain ( )0δ = , as per equation 3.2. In contrast, for a viscous material, stress is in 
phase with strain rate, as per equation 3.1, and therefore out of phase with strain, leading 
it by 90° (i.e. 2δ π= ). A viscoelastic material exhibits a combination of elastic and 
viscous behaviour, so 𝛿𝛿 varies between 0  and 2π , its value indicating the proportion of 
viscous and elastic components of the material behaviour. 
3.2.4.1 Linear viscoelasticity 
The relationship between oscillatory shear strain and resulting shear stress is 
generally intricate and non-linear, making it difficult to calculate constant representative 
parameters of the material. Complex behaviour such as the existence of harmonics in the 
strain response, or strain thinning in polymer melts are often observed when large strain 
amplitudes are applied (large amplitude oscillatory shear or LAOS), (Hyun et al., 2002, 
Hyun et al., 2011). However, by restricting the applied strain to small deformations, in 
small amplitude oscillatory shear, the mathematical treatment is simplified to linear 
relationships, allowing the determination of constant parameters, such as shear viscosity, 
η , or shear modulus, G . As a result, most rheometers employ the mathematics of this 
so-called Linear Viscoelastic (LVE) theory. 
According to LVE theory, shear stress ( )tτ , can be written: 
( ) ( ) ( )*t G tτ ω γ=  3.15 
where ( )*G ω  is the complex shear modulus. This modulus can be decomposed as 
follows: 
( ) ( ) ( )*G G iGω ω ω′ ′′= +   3.16 
where ( )G ω′ , referred to as the storage modulus, is the real part of ( )*G ω , relating to 
the component of stress in-phase with strain (elastic component), and ( )G ω′′ , referred to 
as the loss modulus, is the imaginary part of ( )*G ω , relating to the component of stress 
which is out-of-phase with strain (viscous component). Collectively, these two moduli are 
referred to as the dynamic moduli. The magnitude of the complex shear modulus is then: 
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( ) ( ) ( )
1
2 2* 2G G Gω  ′ ′′= +  3.17 
( )G ω′  relates to the stored and recovered elastic energy during each cycle when systems 
are compared at the same strain amplitude (Ferry, 1980). ( )G ω′′  represents the viscous 
behaviour of the material, and relates to energy lost during each cycle (TA Instruments, n. 
d., TA Instruments, n.d., Barnes et al., 1989). Material damping is related to the phase 













Material complex viscosity is defined as: 









which is also composed of a real and imaginary part: 
( )* iη ω η η′ ′′= +   3.20 
where η′ is referred to as the dynamic viscosity and η′′ is the out-of-phase viscosity 
(Haanappel and Akkerman, 2014). They are related to the dynamic moduli by (Chhabra 




′ =  ,   ( )G ωη
ω
′
′′ = 3.21 
The magnitude of complex viscosity is: 
( ) ( ) ( )
1
2 2* 2η ω η η ′ ′′= +  3.22 
3.2.4.2 Calculation of dynamic moduli 
The storage and loss moduli are determined by the rheometer from the measured 
torque and phase angle as follows (Yano and Kitano, 1996): 




ω δ ′ =  Θ 
  3.23 
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ω δ ′′ =  Θ 
 3.24 
where 0M  is the amplitude of the sinusoidally-varying torque and I  is the second 
moment of area of the circular rheometer plates about the x- or y-axis in Figure 3.1: 
4
4
aI π= 3.25 








Two versions of the full derivation of these relationships are given in Appendix B, 
Section B.4 and Appendix C.  
3.2.4.3 Transformation of oscillatory data to steady flow results 
To relate the results of oscillatory rheometry to those of continuous flow rheometry, 
the complex viscosity ( )*η ω  must be transformed to an equivalent steady shearing 
viscosity, η . Furthermore, although equations 3.13 and 3.14 show that for each ω , aγ
varies with strain amplitude, aγ , nevertheless, a transformation is desired to convert ω  
to a single representative value of aγ . Two approaches are employed in the literature to 
do this. The most common method is the Cox-Merz rule (Cox and Merz, 1958), an 
empirical relationship first reported for polystyrene melts. The authors compared results 
from oscillatory rheometry and continuous flow rheometry, and reported that ( )*η ω
versus ω  coincided with η  versus γ , suggesting that ( )*η ω  could be interpreted as η , 
and ω  interpreted as γ . This rule is widely used for linear viscoelastic fluids including 
polymer melts, such as neat PEEK. It is available as a standard transformation on many 
rheometers and has been employed extensively in the literature. Notwithstanding that, 
there is no evidence to support its validity for suspensions, such as CF/PEEK pre-preg 
melt (Haanappel and Akkerman, 2014), and alternative transformation approaches are 
employed for these materials. 
Such an alternative procedure, proposed by Benbow et al. (1976), has been used in a 
small number of cases for CF/PEEK (Groves et al., 1992). It is denoted the “Groves 
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transformation” in the present work. The approach is derived from a simple Maxwell 
model of a linear viscoelastic material, i.e. a spring and dashpot connected in series, as 
will be described in Chapter 4. A “Maxwell shear viscosity”, Mη , determined from the 
dynamic viscosity and the phase angle, is given by (Barnes et al., 1989, Benbow et al., 





=   3.27 





=   3.28 
is determined from the elastic behaviour of the material. These Maxwell parameters are 
plotted versus an alternative shear strain rate measure (Groves et al., 1992): 
 m aγ ω γ=   3.29 
This strain rate measure is identical to the strain rate amplitude derived in equation 3.14, 
and thus reflects the influence of strain amplitude on the measured strain rate. 
Measurements of steady shear viscosity, η , versus shear rate, γ , were obtained from 
isotropic layups of both UD carbon fibre and UD glass fibre composite melts, using 
continuous flow rheometry with a triangular wave form over a limited angular 
displacement (Groves, 1989, Groves et al., 1992). They found good agreement with 
results of Mη  versus mγ  from oscillatory measurements, thus affirming the applicability 
of this alternative transformation. 
3.2.4.4 Calculation of Maxwell parameters 
The dynamic properties of a viscoelastic polymer melt, determined in an oscillatory 
measurement, are often presented as a dimensionless ratio of the Maxwell parameters 
plotted against the non-dimensionalised frequency, Mωτ , as shown in Figure 3.2 




ητ =   3.30 
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The Maxwell normalised viscosity, Mη η′ , indicates the viscous component of the melt, 
while the Maxwell normalised storage modulus, MG G′ , indicates the elastic component 
of the melt. The melt is totally viscous when the non-dimensionalised frequency, Mωτ , is 
below -1.0, corresponding to an Mη η′  value close to 1, and a MG G′  value close to 0. 
The melt is totally elastic for 1.0Mωτ > , which occurs with an Mη η′  value close to 0, 
and a MG G′  value close to 1. In the viscoelastic zone, where 1.0 1.0Mωτ− ≤ ≤ , the 
value of Mη η′  decreases from 1 to 0, and the value of MG G′  increases from 0 to 1, 
indicating a change in material behaviour from viscous to elastic. The crossover occurs at 
0Mωτ = . Below this value, the material behaviour is dominated by viscous behaviour, 
while above it the behaviour is dominated by elastic behaviour. 
 
 
Figure 3.2: The Maxwell model in oscillatory shear, showing variation of the 
normalised moduli and viscosities with the logarithm of the normalised time constant, Mωτ  
(adapted from Barnes et al. (1989)). 
3.2.5 Off-Centred balanced oscillatory rheometry 
Application of oscillatory rheometry to circular samples of uni-directional, 
fibre-reinforced material would not allow transverse and longitudinal components of 
material behaviour to be distinguished. To address this shortcoming, an off-centred, 
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balanced, oscillatory rheometry approach was proposed by Rogers (1989), and adopted by 
Groves et al. (1992) and Groves and Stocks (1991). This approach has been mentioned in 
Chapter 2, Section 2.4.2.1, and illustrated in Figure 2.10. In it, square laminate samples 
were tested in an off-centred balanced arrangement on a large rheometry plate, such that 
small amplitude oscillation causes a shear deformation. 
Rogers (1989) has shown that when an anisotropic, fibre-reinforced, viscoelastic melt 
is subjected to the torsional loading used here (with warpage prevented from occurring), 
the amplitude of the measured torque, 0M , is given by the relationships: 
( )0 cos xx T yy LM h I G I Gδ ′ ′= + Θ 3.31 
( )0 sin xx T yy LM h I G I Gδ ′′ ′′= + Θ  3.32 
where δ  is the phase lag between strain and torque, TG′  and LG′  are the transverse and 
longitudinal storage moduli (i.e. x- and y-direction moduli in Figure 3.10), TG′′  and LG′′
are the corresponding loss moduli, Θ  is the amplitude of the twist angle, and xxI  and yyI
are the second moments of area of the sample about x- and y- axes through the centre of 
the plates. A full derivation of equations 3.31 and 3.32 is given in Appendix C. 
Should warpage of the sample occur, then equations 3.31 and 3.32 would no longer 
apply. In Appendix D, it is demonstrated that sample stiffness would be underestimated, 
leading to the underestimation of viscosity. Thus, it was important to prevent sample 
warpage by using an applied axial force.  
3.3 Materials and methods 
3.3.1 Materials examined 
The materials examined were neat Victrex™ 150UF10 PEEK in powder form, as 
used in the manufacture of Suprem™ CF/PEEK pre-preg, and Suprem™ T 60% 
IM7/PEEK-150 12 mm wide pre-preg, which is one of the materials being processed on 
the ATP system in the University of Limerick. A few additional tests were performed on 
APC-2 pre-preg from Cytec® for comparison.  
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3.3.2 Rheometer specifications, calibration and initialisation 
Rheological measurements were carried out in a torsional Discovery Hybrid 
Rheometer (DHR-2) from TA Instruments, shown in Figure 3.3. This is a single-head, 
controlled-stress rheometer, which applies a command torque and measures the resulting 
strain. Closed-loop control allows a requested strain to be achieved. Rheometer 
specifications are listed in Table 3.1. It also features an environmental test chamber 
(ETC) capable of controlled heating up to 600°C in both nitrogen and air atmospheres. 
Figure 3.3: The Discovery Hybrid Rheometer (DHR-2, TA Instruments) 
Table 3.1 Discovery Hybrid Rheometer (DHR 2, TA Instruments) specifications 
Maximum available torque 200 mN.m 
Maximum frequency in oscillatory mode 100 Hz 
Maximum angular velocity in continuous mode 300 rad.s-1 
Maximum axial force 50 N 
Prior to testing, calibration of bearing friction and system inertia was carried out to 
provide data for internal corrections to the measurements. The system was then brought to 
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the measurement temperature (350°C - 420°C). Following a stabilisation period, to ensure 
full thermal expansion of system components, the location at which the gap is zero was 
determined. Placement of the sample causes an additional temperature fluctuation, 
requiring a further stabilisation period to allow thermal expansion to occur. The minimum 
time necessary for each stabilisation period was characterised in Appendix E. The top 
plate was then brought into contact with the top of the sample, and testing was initiated. 
As the samples may degrade or be altered during the testing process, new samples were 
used for each test.  
3.3.3 PEEK measurement procedure 
Samples of PEEK were melted in the rheometer on 25 mm diameter aluminium 
plates. The gap between the plates was controlled to be 1000 µm. Prior to testing, the 
PEEK powder was dried overnight at 120°C to ensure complete removal of any latent 
moisture. First, an oscillatory amplitude sweep was performed to identify a strain 
amplitude in the linear-viscoelastic region (LVR). The chosen amplitude (1%) was then 
used in all subsequent experiments. Then, continuous, steady-flow measurements were 
performed at strain rates from 0.001 s-1 to 3.98 s-1, at one temperature (380°C). The 
Weissenberg effect (Barnes et al., 1989) placed an upper strain rate limit on this 
measurement (Appendix E). Next, oscillatory shear measurements were performed at 
several temperatures between 350°C and 420°C, while sweeping from 628 s-1 down to 
0.0628 s-1. Finally, since Modi et al. (2010) found that PEEK viscosity can increase over 
time due to polymer degradation, measurement stability was examined, via repeated 
testing in nitrogen and air atmospheres. 
The cumulative measurement time for the oscillatory shear test is shown in Figure 
3.4. Each sweep lasts ~20 min, starting at the highest angular frequency, ω , of 628 
rad.s-1. At each value of ω  greater than 1 rad.s-1, results were averaged over the number 
of oscillations in a fixed interval of 7 s. For example, at 10 rad.s-1, results are averaged 
over ten oscillation cycles, each lasting ~0.63 s, whereas at 1 rad.s-1, the oscillation period 
is ~6.3 s, and results are averaged over one cycle. At ω  less than 1 rad.s-1, the 
measurement interval increases to the time for one full oscillation. Hence the interval 
increases with decreasing angular frequency, to a final interval of ~3 min, for the lowest 
angular frequency of 0.0628 rad.s-1. 
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Figure 3.4: Measurement time versus angular frequency for oscillatory testing  
 
From oscillatory measurements, the storage and loss moduli, G′  and G′′ , and the 
complex shear viscosity, *η , were obtained. The results for complex viscosity as a 
function of angular frequency were transformed to steady shear viscosity, η , as a function 
of strain rate, γ , using the Cox-Merz rule (Cox and Merz, 1958). 
3.3.4 CF/PEEK measurement procedure 
The off-centred, balanced, oscillatory rheometry approach, described in Section 
3.2.5, was adopted on 40 mm diameter aluminium plates, to determine the 
transverse-shear viscosity of Suprem™ CF/PEEK pre-preg tapes. The method is based on 
that of Groves et al. (1992). Rectangular samples, consisting of only a single ply, to 
eliminate the possibility of inter-ply slip, were tested. As shown in the schematic in 
Figure 3.5(a), small amplitude oscillation caused a shear deformation in primarily the 
transverse direction of the tape. The plates and pre-preg samples were degreased with 
acetone and the plates were roughened with sandpaper to mitigate the potential for slip at 
the plate interfaces. Instead of the more usual gap-height control mode, force control was 
employed, whereby the top plate applied a constant axial force on the sample throughout 
the test. The rheometer gap height, h , thus provided a measure of the sample thickness. 
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Only a single constant value of axial force was possible in each test. The rheometer 
automatically maintained the requested shear strain amplitude by adjusting the twist angle 
if the gap changed. For the arrangement shown in Figure 3.5(a) and Figure 3.5(b), the 









lwI = 3.34 
where l  and w  are the length and width of the rectangular samples respectively, and q  is 
the separation of the sample centres. Because the device applies a small degree of 
longitudinal shear in addition to the desired transverse shear, the measured moduli have 
components of the longitudinal moduli incorporated. Rogers (1989) proposed separating 
the longitudinal and transverse components by measuring rectangular samples with a 
range of aspect ratios. In this work, an alternative approach was employed, as illustrated 
in Figure 3.5(a). A pair of rectangular samples of length 12l =  mm, and width 4w =  
mm, were used, with centres a distance q =  27 mm apart, giving a ratio of :xx yyI I  of 
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 3.35 
At high values of axial force, the thickness, h , of some samples underwent a sudden 
reduction at the start of the experiment, causing a corresponding increase in width, which 
was calculated by assuming the material to be incompressible, with no flow in the 
y-direction. In those samples, xxI  and yyI  values were adjusted to account for this change 
in width. As discussed later, this sudden thickness reduction is consistent with the view 
that CF/PEEK melt behaves as a yield-stress fluid at low strain rates. Transverse dynamic 
viscosity, Tη′ , and transverse out-of-phase viscosity, Tη′′ , were calculated from the storage 












′′ = 3.36 
and the transverse complex viscosity was calculated as: 
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1
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T T Tη ω η η ′ ′′= +  3.37 












Figure 3.5:  (a) Schematic showing off-centred, balanced, oscillatory test setup for 
measurement of transverse-shear dynamic parameters of CF/PEEK melt, with 
inset showing transverse-shear deformation mode of sample (adapted from Groves et al. 
(1992), and (b) typical arrangement of single layer of pre-preg in the DHR Rheometer, 
prior to testing. 
Rheological Characterisation of PEEK and CF/PEEK 
3-17
As mentioned previously, there is no well-accepted method for transformation of 
complex viscosity, *η ,  versus angular frequency, ω ,  data, into steady shear viscosity, 
η , versus shear strain rate, γ , data for pre-preg melts (Haanappel and Akkerman, 2014). 
Thus, results for CF/PEEK are presented in untransformed form, in Sections 3.5.1 to 
3.5.6. Data transformation is discussed in Section 3.5.7. All results were screened to 
neglect data which did not show good linear viscoelastic behaviour or exhibit low 
instrument inertia correction or low sensitivity to shaft compliance, as outlined in 
Appendix E.  
A suite of oscillatory rheometry tests were carried out. First, an oscillatory amplitude 
sweep was performed to determine a strain amplitude in the LVR. Oscillatory 
measurements were then performed, sweeping from 628 rad.s-1 down to 0.0628 rad.s-1, 
with a constant axial force, in the range of 5-50 N. With a sample cross-sectional area of 
96 mm2, the applied pressure was in the range 52-520 kPa. Below this range, 
measurements at 10.5 kPa pressure (1 N axial force) gave indications of poor contact 
between the pre-preg and the plates and are therefore not presented. 
Stability of CF/PEEK measurements over time was examined in the manner of 
Phillips et al. (1997). Samples were tested at an angular frequency of 10 rad.s-1, at 
pressure of 52 kPa and 313 kPa, in air and nitrogen atmospheres, with viscosity recorded 
as a function of time. Though the test is oscillatory, the constant pressure means that it 
has similarities with the squeeze-flow tests of Picher-Martel et al. (2016), (2015). In their 
work, the quantities monitored were sample height, flow front and compressive load, 
from which material parameters were inferred, whereas, in the present work and that of 
Phillips et al. (1997), the evolution of complex shear viscosity over time was measured. 
Results were adjusted to: (1) correct the mismatch between the plate and sample 
geometry, (2) remove incorporated components of longitudinal moduli, and (3) screen 
data that did not show good sinusoidal behaviour, low instrument inertia correction, or 
low sensitivity to shaft compliance. 
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3.4 PEEK results 
3.4.1 Establishment of linear viscoelastic region 
The results from oscillatory amplitude sweeps, at strain rates of 1 s-1, 10 s-1 and 
100 s-1, with temperature fixed at 380°C, are shown in Figure 3.6. It is observed that shear 
viscosity is essentially independent of strain amplitude, for strains up to 10% at 100 s-1 
strain rate, up to 50% at 1 s-1 and up to 100% at 10 s-1, indicating the material has a wide 
linear viscoelastic region (LVR). Torque and displacement waveforms exhibited good 
sinusoidal behaviour within the strain measurement range of this work, as shown in 
Figure 3.7. At higher strains, data was neglected that exhibited a non-physical decrease in 
apparent shear viscosity, caused by the Weissenberg effect (Appendix E). A strain of 1% 
was chosen for all subsequent tests on PEEK. Note, Hyun et al. (2011) have stated that at 
high strains, beyond the LVR, strain thinning is commonly observed for polymer melts. 
However, such behaviour was not detected in the strain range of this data. 
Figure 3.6: Equivalent steady shear viscosity (transformed from dynamic 
parameters using the Cox-Merz rule) versus shear strain amplitude at various strain 
rates for PEEK melt at 380°C, in a nitrogen atmosphere (used to determine the LVR). 




Figure 3.7: Sinusoidal waveforms for PEEK melt measured at a shear rate of 1 s-1, at 
380°C, in a nitrogen atmosphere, for shear strain amplitudes of (a) 0.99%, (b) 4.98%, (c) 
9.92%, and (d) 49.77% (used to determine the LVR). 
3.4.2 Variation with shear strain rate at different temperatures 
Results for shear viscosity of PEEK versus shear strain rate, for temperatures in the 
range of 350°C to 420°C, are shown in Figure 3.8(a). All curves are from oscillatory 
measurements, except one curve that is from continuous steady-flow measurements in the 
range 0.001 s-1 to 3.98 s-1, at one temperature (380°C). Oscillatory measurements at 
380°C, over a strain rate range of 628 s-1 down to 0.0628 s-1, transformed with the 
Cox-Merz rule, show excellent agreement with the steady flow measurements, where the 
strain rates overlap. This confirms that the rule works well for this grade of PEEK. 
Consequently, for all PEEK results in this section, complex viscosity versus angular 
frequency data was transformed to steady shear viscosity, η , versus strain rate, γ , using 
this rule. With the exception of the lowest temperature (350°C), all curves exhibit a 
reasonable approximation of Newtonian behaviour at low shear rates, becoming 
shear-thinning at higher strain rates. A clear “knee” (change in slope) occurs at around 
10 s-1, for all test temperatures. The values at 380°C were in the same range (slightly 
higher) as those of Narnhofer et al. (2013), which were for a different PEEK grade 
(Victrex™ 150PF PEEK).  




Figure 3.8: Rheometric behaviour of PEEK melt, measured at 1% strain, for a range 
of temperatures, in a nitrogen atmosphere, (a) shear viscosity versus shear strain rate, and 
(b) phase angle versus shear strain rate. All measurements are from oscillatory loading
except the curve in (a) marked “continuous”.
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As expected, increased temperature resulted in decreased viscosity, with the largest 
effect exhibited at low shear rates, in line with e.g. Barnes (2000). The transition from 
Newtonian to shear-thinning behaviour has been attributed in the literature (Chhabra and 
Richardson, 2008, Barnes, 2000) to uncoiling, disentangling and alignment of long 
molecular chains as the shear rate increases beyond the “knee” value. 
Phase angle behaviour is shown in Figure 3.8(b). At strain rates below the “knee” 
value of ~10 s-1, the phase angle is close to 90°, indicating almost totally viscous 
behaviour. The lowest temperature (350°C) data exhibits the largest deviation from 90°, 
tallying with the previous observation of non-Newtonian behaviour at this temperature. 
Above ~10 s-1, phase angle decreases significantly, indicating an increasing elastic 
component, as molecules disentangle, straighten and start to stretch (Chhabra and 
Richardson, 2008). 
The PEEK data at 380°C was fitted with a Carreau model (equation 2.3), with 0η =
410 Pa.s, η∞ = 0 Pa.s, cλ = 0.14 s, ck = 2, and pn = 0.8. These model values are 
qualitatively similar to the Pipes et al. (1994) model recast at 380°C in Chapter 2, and the 
Carreau model generally fits the measured data well, as shown in Figure 3.9.  
Figure 3.9: Measured viscosity data at 380°C, fitted with a Carreau model. 
Rheological Characterisation of PEEK and CF/PEEK 
3-22
The measured storage and loss moduli, G′  and G′′ , for PEEK melt at 380°C, are 
shown in Figure 3.10. Both moduli increase with shear rate, with G′′  being larger than 
G′ , indicating again that PEEK melt is largely viscous. However, the rate of increase of 
G′  with increasing shear rate is higher than the rate of increase of G′′ , indicating an 
increasing elastic contribution to the material behaviour.  
Figure 3.10: Dynamic moduli of PEEK melt versus shear strain rate, at 1% strain, 
380°C, in a nitrogen atmosphere. 
M
Calculated non-dimensionalised Maxwell moduli, for PEEK melt at 380°C, are 
shown in Figure 3.11. As discussed in Section 3.2.4.4, these moduli provide an alternative 
means of interpreting viscoelastic behaviour. At strain rates up to 10 s-1, the value of the 
Maxwell normalised dynamic viscosity, ′η η  , is close to 1.0, indicating viscous 
behaviour, while the value of the Maxwell normalised storage modulus, MG G′ , is almost 
zero, indicating an absence of elastic behaviour. At strain rates above 10 s-1, at which 
shear thinning is observed, Mη η′  decreases and MG G′  increases, indicating an 
increasing elastic contribution. However, since Mη η′ > MG G′ , the behaviour is still 
primarily viscous. The strain rate at which elastic behaviour would exceed viscous 
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behaviour is beyond the range of this measurement, but extrapolation of the data indicates 
it to be ~8,000 s-1, while fully elastic behaviour is projected to occur at ~2·106 s-1. 
Figure 3.11: Dynamic properties of PEEK melt at 1% strain, at 380°C, in nitrogen. 
3.4.3 Variation with temperature 
The variation of shear viscosity of PEEK with temperature, at a shear rate of 1.25 s-1, 
chosen as a typical value in the Newtonian region, is shown in Figure 3.12. In Chapter 2, 
two approaches to modelling this variation were described – modelling with 
a rate-independent Arrhenius equation or modelling with Time Temperature 
Superposition (TTS). These approaches are now applied. 
An Arrhenius equation, (2.4), with A = 0.087 Pa.s, and − aE R = 5,500 K, gives a 
good fit in the temperature range from 360°C to 420°C, as seen in Figure 3.12(a), but the 
fit is less good below 360°C. This is in line with the observation in Section 3.4.2, that a 
Newtonian regime does not really exist at 360°C. Arrhenius fits from the literature are 
shown for comparison. As mentioned in Chapter 2, Nandan et al. (2004) do not give a 
value for A , so A = 60 Pa.s was chosen to facilitate a comparison. Relative to the data in 
the present work, the Nandan et al. (2004) equation underestimates the sensitivity of 
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PEEK to temperature changes, while the Pipes et al. (1994) and Lee and Springer (1987) 
fits overestimates it. 
(a) 
(b) 
Figure 3.12:  (a) Shear viscosity versus temperature of PEEK melt, at 1% strain, and 
1.25 s-1 strain rate, with an Arrhenius equation fit, together with three fits from the 
literature, and (b) variation of the TTS shift function, Ta , with temperature, showing an 
Arrhenius fit. 
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Time Temperature Superposition (TTS) was employed to shift the dynamic moduli 
(or complex viscosity) along the time/frequency/shear rate axis by a shift function, Ta , to 
form a single master curve, as outlined in Chapter 2. The variation of Ta  with temperature 
was modelled by an Arrhenius model, as given by equation 2.6. An optimisation 
algorithm in the DHR software was employed to generate a “master curve” from the data 
in Figure 3.8(a). Since the Tb  shift function is not normally employed, its value was held 
at 1.0 (no shift) and a set of values for Ta  were fitted at each temperature (except 350
°C), 
with respect to a reference temperature of 380°C, to give an optimum master curve 
overlay. The Arrhenius function yielded an activation energy, aE , of 47.76 kJ.mol
-1. The 
fit, shown in Figure 3.12(b), yielded very similar descriptions of PEEK behaviour, in the 
range of 360°C to 420°C.  
3.4.4 Stability of measurements over time 
Results of repeat testing of PEEK melt at 380°C, in air and nitrogen atmospheres, are 
shown in Figure 3.13(a). In each test, four strain rate sweeps from 628 s-1 to 0.0628 s-1, 
were carried out consecutively, each sweep taking ~20 minutes. Thus, the last sweep 
commenced 60 minutes after the start of the experiment. It can be seen that viscosity was 
virtually unchanged over four repeated measurements in nitrogen but increased 
significantly over time when measured in air. For example, at a shear rate of 10 s-1, 
viscosity rose from 367 Pa.s in the first measurement to 706 Pa.s in the fourth 
measurement. From Figure 3.13(b), it can be observed that the phase angle measured in 
air decreased with repeated testing, indicating a more elastic behaviour. 
Results here are thus in line with the literature as discussed in Chapter 2, whereby the 
increased viscosity and degree of elastic behaviour for the tests in air, are consistent with 
the occurrence of thermo-oxidative cross-linking of PEEK molecules (Modi et al., 2010, 
Khan et al., 2010). 




Figure 3.13: Variation in dynamic parameters of PEEK, during four successive oscillatory 
sweeps from 628 s-1 to 0.0628 s-1, in nitrogen and air atmospheres, (a) steady shear viscosity, 
(b) phase angle. Each sweep took 20 minutes and was performed at 1% strain amplitude at
380°C.
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3.4.5 Summary of results 
Overall, it was found that PEEK melt exhibits Newtonian behaviour at shear rates up 
to ~10 s-1, and shear-thinning behaviour at higher shear rates, which can be modelled by a 
Carreau model. An inverse relationship between viscosity and temperature has been 
found, as expected, described by either an Arrhenius relationship, or Time Temperature 
Superposition. When tested in air at 380°C, clear evidence of thermal degradation is seen, 
within as little as 20 minutes, but no degradation is seen in a nitrogen atmosphere, over a 
period of 80 minutes.  
3.5 CF/PEEK results 
3.5.1 Establishment of linear viscoelastic region 
The transverse shear dynamic parameters of Suprem™ CF/PEEK, measured as a 
function of strain amplitude, in nitrogen, under 52 kPa applied pressure and angular 
frequency of 10 rad.s-1, are shown in Figure 3.14(a). The same parameters measured in 
air, at an angular frequency of 1 rad.s-1 and an applied pressure of 313 kPa, are shown in 
Figure 3.14(b). Unlike PEEK melt, for which viscosity was independent of strain over a 
wide range, CF/PEEK shows a narrower strain range of strain-independent viscosity. 
Under 52 kPa pressure, Figure 3.14(a), an initial complex viscosity of ~6000 Pa.s, is 
exhibited at low strain amplitude (~1%), which must be overcome to initiate shear 
deformation. Once this deformation commences, dynamic moduli and complex viscosity 
are relatively constant up to a strain of ~10%, above which, apparent strain thinning 
(Hyun et al., 2011) occurs. Under 313 kPa pressure, Figure 3.14(b), an initial complex 
viscosity of ~800,000 Pa.s is exhibited, and more substantial strain-thinning occurs, 
with shear viscosity reducing by nearly an order of magnitude between 10% and 200% 
strain amplitude. 
A review of torque and displacement waveforms, a sample of which are shown in 
Figure 3.15 at 52 kPa and Figure 3.16 for 313 kPa, showed good sinusoidal behaviour in 
the range of ~2% to ~14%. Below 2%, additional higher-order harmonics were seen, and 
above 14% distorted sinusoids were noted - both indications of undesirable non-linear 
viscoelastic behaviour. No distortion or truncation of sinusoids was observed. The range 
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2% to 14% was thus identified as the apparent LVR and a strain amplitude of 5% was 
chosen for all subsequent tests. 
(a) 
(b) 
Figure 3.14: Dynamic moduli and complex viscosity versus shear strain amplitude for 
Suprem™ CF/PEEK at 380°C, (a) under 52 kPa pressure, in nitrogen, at 10 rad.s-1, and (b) 
under 313 kPa pressure, in air, at 1 rad.s-1 (used to determine the LVR) 




Figure 3.15: Sample waveforms for Suprem™ CF/PEEK under 52 kPa pressure, 10 
rad.s-1, 380°C, in nitrogen, for shear strain amplitudes of (a) 1.0%, (b) 5.1%, (c) 50.8%, 
and (d) 99.5% (used to determine the LVR) 
(a) (b) 
(c) (d) 
Figure 3.16: Sample waveforms for Suprem™ CF/PEEK under 313 kPa pressure, at 1 
rad.s-1, 380°C, in air, for shear strain amplitudes of (a) 1.1%, (b) 5.5%, (c) 53.4%, and (d) 
110.1% (used to determine the LVR) 
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3.5.2 Stability of measurements at constant angular frequency and 
temperature
Given the evidence found in Section 3.4.4 of thermo-oxidative degradation of PEEK 
in air over quite short timescales, it was decided to examine the stability of CF/PEEK 
viscosity measurements. Tests were performed at a constant angular frequency of 10 
rad.s-1, over a period of 35 minutes. In Figure 3.17(a), the variation of complex viscosity 
with time is shown, in nitrogen, at 380°C, under two different pressures of 52 kPa and 313 
kPa. The sample thickness variation, obtained by monitoring gap height, h, is shown in 
Figure 3.17(b). In Figure 3.17(c) corresponding results are shown for an air atmosphere, 
at 313 kPa pressure, at temperatures ranging from 360°C to 400°C. Finally, the phase 
angle data for all these measurements is presented in Figure 3.17(d). 
Figure 3.17(a) shows that complex viscosity at the start of the experiment depends 
somewhat on applied pressure, demonstrating a moderate increase (denoted “A” in the 
figure) from 6,400 Pa.s to 12,300 Pa.s (~100%) when the pressure increased six-fold, 
from 52 kPa to 313 kPa. Figure 3.17(a) also indicates significant instability over time, 
with an increase in complex viscosity (denoted “B” in the figure) from 6,400 Pa.s to 
28,000 Pa.s (a 21,600 Pa.s increase or ~440%) in 35 minutes, at 52 kPa pressure, and 
from 12,300 Pa.s to 40,600 Pa.s (a 28,300 Pa.s increase or ~330%), at 313 kPa pressure, 
in the same time period. This is quite surprising, given the results are for a nitrogen 
atmosphere.  
Figure 3.17(b) shows that under 52 kPa pressure, there is negligible decrease in h . In 
contrast, under 313 kPa, sample thickness reduces by ~28 µm almost instantaneously, 
then by a further 10 µm over ~4 minutes, with minimal change thereafter. Clearly, 
between 52 kPa and 313 kPa, there is a significant change in compression response 
(discussed in more detail later). As noted earlier, the viscosity reported in Figure 3.17(a) 
for the 313 kPa tests, accounts for the change in sample second moment of area, as the 
thickness reduces. 
Turning to Figure 3.17(c), results are shown for an air atmosphere, at 313 kPa 
pressure, at temperatures ranging from 360°C to 400°C. At 380°C, an increase in complex 
viscosity over 35 minutes, from ~7,000 Pa.s to 56,000 Pa.s is exhibited, which is a similar 
order of magnitude increase to that seen in nitrogen (~40,000 Pa.s). This indicates that 
atmospheric conditions are not the cause of this measurement instability. A further 
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interesting finding is that CF/PEEK viscosity increases with temperature, between 360°C 

























Figure 3.17: Rheological data for Suprem™ CF/PEEK as a function of measurement 
time, at 5% strain amplitude, at angular frequency of 10 rad.s-1, at pressures of 52 kPa 
and 313 kPa, (a) complex viscosity in nitrogen, “A” is the increase at start due to higher 
axial force, “B” is the increase over time for 313 kPa pressure, (b) reduction in gap 
height measured in nitrogen, (c) complex viscosity for three different temperatures in air, 
and (d) phase angle measured in air and nitrogen. 
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The phase angle, presented in Figure 3.17(d), is approximately 45° at the beginning 
of the measurement for all samples (i.e. regardless of atmosphere, temperature or 
pressure), indicating a viscoelastic response, with roughly equal contribution of viscous 
and elastic behaviour. It then decreases substantially with time, indicating more elastic 
behaviour as time progresses. In addition, the phase angle is inversely related to 
temperature, indicating more elastic behaviour at higher temperatures. Finally, the degree 
of elastic behaviour after 35 minutes is much higher for a pressure of 313 kPa, than it is 
for 52 kPa.  
Phillips et al. (1997) also found an increase in CF/PEEK dynamic shear modulus 
(which is related to complex viscosity) with measurement time, when tested in air. The 
axial force they applied was not stated. They postulated that the increase was due to 
thermo-oxidative cross-linking in the PEEK melt. It has already been seen that at typical 
rheometry measurement times and temperatures, PEEK melt tested in air, does display an 
increase in viscosity (Figure 3.13(a)), and an elastic contribution to behaviour (Figure 
3.13(b)), most likely due to polymer cross-linking. Additional testing performed on 
CF/PEEK, employing Differential scanning calorimetry (DSC) and Thermogravimetric 
Analysis (TGA), reported in Appendix F, supports the premise that cross-linking does 
occur in the constituent PEEK of CF/PEEK material when processed in air. However, this 
phenomenon does not explain the present CF/PEEK results. Firstly, Figure 3.17(a) shows 
that CF/PEEK viscosity increases in a nitrogen atmosphere, for which no increase in 
PEEK viscosity was found in Figure 3.13(a). Secondly, the magnitude of the increase in 
PEEK viscosity in air, noted in Figure 3.13(a), was only ~340  Pa.s, in 60 minutes, 
whereas the complex viscosity of CF/PEEK rose by ~21,600 Pa.s (with 52 kPa pressure) 
in the shorter time of 35 minutes, when tested in nitrogen. Hence, it is concluded that 
thermo-oxidative cross-linking of the constituent PEEK is not the primary cause of the 
large increase in CF/PEEK viscosity over time and another mechanism must be involved. 
3.5.3 Variation with angular frequency 
 The effect of angular frequency was next examined, at 380°C, under 52 kPa pressure 
in nitrogen, and 313 kPa in air. Angular frequency was swept from 628 rad.s-1 down to 
0.0628 rad.s-1, in a process that took ~20 minutes. Data that required a large inertial 
correction were neglected (i.e. data above 20 rad.s-1 at 52 kPa pressure and above 125 
rad.s1 at 313 kPa pressure) as outlined in Appendix D. The results are shown in Figure 
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3.18(a), with PEEK data included for reference (insets in Figure 3.18(a) will be discussed 
in Section 3.6.1). CF/PEEK exhibits no evidence of Newtonian behaviour, with shear 
thinning occurring at all angular frequencies within the measurement range. At 52 kPa 
pressure, the complex viscosity is over three orders of magnitude higher than that of 
PEEK at low angular frequencies, but falls to within the same order of magnitude at the 
upper end of the angular frequency range. These findings are broadly in line with the data 
of Stanley and Mallon (2006), Groves et al. (1992), and McGuinness and Ó Brádaigh 
(1998). 
Figure 3.18(a) also indicates a significant difference in complex viscosity at the two 
pressures (denoted “ A′” in the figure). Complex viscosity at 313 kPa pressure is higher 
than at 52 kPa by a factor of ~5.3 at low angular frequencies, rising to ~7.9 at high 
angular frequencies. This is a significantly larger difference than was seen above for the 
fixed angular frequency (10 rad.s-1) tests (effect “A” in Figure 3.17(a)). Furthermore, no 
significant decrease in h  was observed for the swept angular frequency tests at 313 kPa 
pressure of Figure 3.18(a), whereas a significant reduction was noted above at this 
pressure, in the fixed angular frequency tests of Figure 3.17(a). 
Turning to phase angle, presented in Figure 3.18(b), for 52 kPa pressure, at 20 rad.s-1, 
the phase angle of CF/PEEK is close to 40°, indicating a nearly equal mixture of viscous 
and elastic behaviour. It decreases to 25° at 0.1 rad.s-1, implying more elastic behaviour at 
lower strain rates. At 313 kPa pressure, values range from 15° to 21°, indicating more 
elastic behaviour under higher pressure. Phase angle also indicates that CF/PEEK behaves 
much more elastically than PEEK. The result in Figure 3.18(b) under 52 kPa pressure, can 
be compared with that of the 52 kPa result in Figure 3.17(d) (grey open circles), which 
was for constant angular frequency (10 rad.s-1). It is seen that over 20 minutes at constant 
angular frequency (Figure 3.17(d)), the drop in phase angle was only ~5°, but over the 
same timescale as the angular frequency was swept from high to low values (Figure 
3.18(b)), a drop of ~15° occurred. Thus, it appears that the phase angle reduction in 
Figure 3.18(b) is not just due to the instability effect seen in Figure 3.17(d), and there is a 
trend towards more elastic behaviour at lower angular frequencies. 




Figure 3.18:  (a) Complex viscosity and (b) phase angle of Suprem™ CF/PEEK as a 
function of angular frequency, at 5% strain amplitude, 380°C, under 52 kPa pressure, in 
nitrogen, and 313 kPa in air, together with neat PEEK, at 1% strain amplitude, at 380°C, 
in a nitrogen atmosphere. Data measured at 52 kPa, above 20 rad.s-1 and at 313 kPa, 
above 125 rad.s-1, is not shown due to high inertia correction. Insets in (a) show 
postulated shear deformation at applied pressure of 102 kPa and below, (shear banding) 
and at pressures of 156 kPa and above (no shear banding). 
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Dynamic moduli are presented in Figure 3.19, for 52 kPa and 313 kPa pressure. Both 
are relatively constant with angular frequency, with lower values found at 52 kPa. Storage 
modulus, G′ , is approximately double the loss modulus, G′′ , for 52 kPa, at low strain 
rates, with the difference between them decreasing at higher strain rates. At 313 kPa, 
storage modulus is approximately four times the loss modulus, G′′ . This larger difference 
between G′  and G′′  is in keeping with the increased level of elastic behaviour, already 
noted from the phase angle, at higher applied pressure.  
 
 
Figure 3.19:  Dynamic moduli of Suprem™ CF/PEEK, at 380°C, as a function of 
frequency, at 5% strain, 52 kPa pressure in nitrogen, and 313 kPa pressure in air. 
3.5.4 Variation with applied pressure 
To further explore the effect of pressure, additional swept angular frequency 
measurements were carried out in air, with pressures in the range 52 kPa to 520 kPa (5N 
to 50 N axial force). From these results, a series of complex viscosity values were 
determined at a single ω  value of 0.5 rad.s-1, which occurred five minutes into each test 
(allowing sufficient time for any thickness reductions to level out). As it turned out, no 
significant decrease in h was observed at any pressure. Complex viscosity values are 
plotted versus axial force and corresponding pressure in Figure 3.20 (insets and dashed 
lines discussed later). A sharp transition is evident between 104 kPa (10 N) and 156 kPa 
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(15 N), with viscosity at 156 kPa and above, being about 9 times (or roughly one order of 
magnitude) larger than at 104 kPa and below. This difference is labelled “ A′” since the 
results in Figure 3.20 are for swept angular frequency tests, similarly to those in Figure 
3.18. 
Figure 3.20: Complex viscosity, from a number of swept frequency measurements, 
determined at an angular frequency of 0.5 rad.s-1, ~5 minutes after start of each test, 
plotted versus applied pressure (and rheometer axial force). Insets show proposed 
deformation below 102 kPa, between 102 and 156 kPa, and above 156 kPa. 
3.5.5 Variation with temperature 
The impact of temperature, under varying angular frequency, was examined in Figure 
3.21. Recall from Figure 3.17(c) that an increase in viscosity with temperature was found 
at one particular angular frequency (10 rad.s-1). Contrasting findings exist in the literature 
on this topic. For example, Haanappel and Akkerman (2014) reported 
temperature-independent longitudinal dynamic moduli for Cetex® TC1200 CF/PEEK, 
whereas McGuinness and Ó Brádaigh (1998) found that the viscosity of APC-2 CF/PEEK 
cross-ply laminates decreased as temperature was increased in the range of 360°C to 
380°C, using their picture-frame test. 





















Figure 3.21: Effect of temperature on complex shear viscosity of Suprem™ 
CF/PEEK, at 5% strain amplitude, 313 kPa pressure, in an air atmosphere, together with 
effect on PEEK melt, tested at 1% strain, in a nitrogen atmosphere, (b) close up of low 
angular frequency region of the CF/PEEK curves on a linear scale. 
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Three sweeps were performed in air, at 313 kPa pressure, at 360°C, 380°C and 400°C, 
each taking ~20 minutes. Results are shown in Figure 3.21(a), with results for PEEK 
melt, from Figure 3.8(a), included for comparison. It can be seen that, in the early stages 
of the tests, i.e. at the highest value of ω , CF/PEEK viscosity shows very little variation 
with temperature. In contrast, a small but clearly visible variation in PEEK viscosity is 
evident under the same conditions. However, as the experiments progress (moving from 
right to left in Figure 3.21(a)), a temperature dependence emerges for CF/PEEK, and this 
temperature dependence is opposite to that of PEEK. To illustrate this more clearly, 
Figure 3.21(b) shows the results at low value of ω  (i.e. in the dashed box in Figure 
3.21(a)) on a linear y-axis scale, which reveals that by the end of the experiments, the 
CF/PEEK viscosity at 400°C is more than double that at 360°C. This counter-intuitive 
result is in conflict with the findings of McGuinness and Ó Brádaigh (1998), but is 
consistent with the stability results in Figure 3.17(c). 
Phase angle, shown in Figure 3.22, decreases as processing temperature increases, 
indicating that CF/PEEK becomes progressively more elastic with elevated temperature. 
Figure 3.22: Effect of temperature on phase angle versus angular frequency for 
Suprem™ CF/PEEK, tested at 5% strain amplitude, 313 kPa pressure, in an air 
atmosphere. 
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3.5.6 Comparison with APC-2 CF/PEEK  
To see if there were significant variations between the Suprem™ CF/PEEK tested 
above, and APC-2 CF/PEEK, which has been more commonly tested in the literature, 
APC-2 CF/PEEK pre-preg was tested. This material is also composed of a 60% volume 
fraction of carbon fibres in a PEEK polymer. However, APC-2 features 7.0 𝜇𝜇m diameter 
Hexcel® AS4 carbon fibres in a Cytec® PEEK material, whereas the Suprem material 
features 5.2 µm diameter Hexcel® IM7 carbon fibres in a Victrex™ PEEK material. The 
results, presented in Figure 3.23, show that the complex shear viscosity of APC-2, tested 
at 52 kPa pressure, is very similar to that of Suprem™ CF/PEEK, confirming that the two 
CF/PEEK pre-pregs have essentially the same behaviour. Therefore, the results for 
Suprem™ CF/PEEK should be applicable to APC-2. 
 
 
Figure 3.23: Complex shear viscosity of Suprem™ CF/PEEK and APC-2 CF/PEEK 
at 380°C, from tests performed at 5% strain amplitude and 52 kPa pressure, in nitrogen. 
3.5.7 Transformation to steady shear viscosity 
To use the data from the oscillatory rheometry tests on CF/PEEK to validate finite 
element models, or to compare with steady rheological tests in the literature, the measured 
complex viscosities versus angular frequency was transformed to equivalent steady 
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shearing viscosity, η , versus strain rate, γ . As stated previously, the validity of the Cox-
Merz rule to carry out this transformation for a pre-preg melt, is not well accepted 
(Haanappel and Akkerman, 2014). Therefore, an alternative transformation, used in 
Groves (1989), and described in Section 3.2.4.3, was employed. This method allows the 
transformation of Mη  versus mγ  data (as defined in equations 3.27 and 3.29), to 
steady-shear viscosity, η , versus strain rate, γ , data. While the Cox-Merz rule is 
available as a standard procedure on the DHR rheometer, the Groves et al. transformation 
to Maxwell data was calculated in a post-processing routine. 
Results for CF/PEEK measured in nitrogen, at 380°C, with 52 kPa and 313 kPa 
pressure, are shown in Figure 3.24 (insets discussed later). Shown also is literature data 
(Stanley and Mallon, 2006, Groves et al., 1992, McGuinness and Ó Brádaigh, 1998, 
Shuler and Advani, 1996), and the present Cox-Merz transformed data for PEEK, 
measured in nitrogen, at 380°C. The applied loading in Stanley and Mallon (2006) and 
Groves et al. (1992) was primarily simple shear (as opposed to the combined loading in 
many other tests in the literature), with low normal force. Such loading conditions are 
similar to the tests performed here, under 52 kPa pressure. In contrast, the loading in 
Shuler and Advani (1996) caused squeeze-flow, and therefore is more comparable to the 
tests under 313 kPa pressure. It can be seen that the data for 52 kPa pressure, are close to 
the data in Stanley and Mallon (2006) and Groves et al. (1992), while the data for 313 kPa 
pressure are close to that of Shuler and Advani (1996) and McGuinness and Ó Brádaigh 
(1998). 
The data at 52 kPa pressure can be fitted with a power law (equation 2.16) with pK  = 
2.9 kPa, and pn  = -0.072, while at 313 kPa pressure, the best power-law parameters are 
pK  = 37 kPa, and pn  = 0.0076. 




Figure 3.24: Comparison of Cox-Merz and Groves transformations of dynamic 
parameters to equivalent steady shear parameters for Suprem™ CF/PEEK, together with 
data from the literature in which loading was close to simple shear. Data from present 
tests is for 5% strain amplitude, 380°C, and both 52 kPa pressure and 313 kPa pressure. 
Insets show proposed deformation under low pressure, due to shear banding, and lack of 
shear banding under high pressure. 
 
Shear stress amplitude, τ , calculated as M mτ η γ=  , is plotted in Figure 3.24, for 52 
kPa and 313 kPa, with PEEK data included. For PEEK, shear stress increases linearly 
with shear rate, as expected for a material operating in its Newtonian region, but then 
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deviates from linearity (see straight line to guide the eye in Figure 3.24), at strain rates 
above 10 s-1, due to shear thinning. In contrast, for CF/PEEK, shear stress at both 
pressures is relatively constant, being ~3 - 5 kPa at 52 kPa pressure, and ~30 - 80 kPa at 
313 kPa pressure. The small increase at the lowest shear rates is likely due to these 
measurements being performed at the end of the sweep since, as seen earlier, CF/PEEK 
viscosity increases over time, during oscillatory tests lasting several minutes (see increase 




Figure 3.25: Calculated shear stress from Groves transformed data for Suprem™ 
CF/PEEK for 5% strain amplitude, at 380°C, and 52 kPa pressure. (Data for neat PEEK, 
measured at 1% strain amplitude, at 380°C, in nitrogen, included for reference, together 
with a dashed line illustrating the stress that would result from ideal Newtonian 
behaviour). 
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3.5.8 Summary of CF/PEEK results 
In agreement with results in the literature, it has been found that the complex 
viscosity of CF/PEEK is more than three orders of magnitude higher than that of PEEK at 
low angular frequencies, falling to within an order of magnitude, at the upper end of the 
angular frequency range. Similar behaviour was observed for APC-2 material. 
Additionally, unlike PEEK, shear thinning occurs at all values of ω  within the 
measurement range, i.e. there is no Newtonian region. Some of the other CF/PEEK 
findings however have not been reported before, and many are counter-intuitive, viz.: 
1. Complex viscosity increased substantially (up to 440%) with time, in constant 
rate, 380°C, oscillatory tests, in nitrogen. 
2. Complex viscosity showed little dependency on temperature at the start of 
swept-angular-frequency, oscillatory tests, but as tests proceeded, a temperature 
dependence emerged, opposite to that found for neat PEEK, i.e. CF/PEEK 
viscosity increased as temperature increased. 
3. Phase angle data indicated a more elastic response: 
a) than PEEK (much more in fact); 
b) as time progressed in oscillatory tests; 
c) at higher temperatures; 
d) at higher pressures (increasingly so as time progresses); 
e) at lower strain rates. 
4. Reduction in sample thickness was negligible at 52 kPa applied pressure. Under 
313 kPa pressure, the thickness instantaneously reduced by ~28 µm, and then by a 
further 10 µm over ~4 minutes, in tests at a constant angular frequency of 10 
rad.s-1. No reduction was observed under 313 kPa pressure, when angular 
frequency was swept from 628 rad.s-1 to 0.0628 rad.s-1. 
5. Thickness stabilised after four minutes in the 313 kPa, 10 rad.s-1 tests. 
6. In swept-angular-frequency tests, complex viscosity was about an order of 
magnitude higher at 156 kPa pressure and above, compared to 104 kPa pressure 
and below. 
7. In constant, 10 rad.s-1 angular-frequency tests, complex viscosity at the start of the 
test at 313 kPa pressure, was about twice the corresponding value at 52 kPa 
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pressure.  
8. Shear stress amplitude at low strain rates was found to be nearly constant, being 
~3 - 5 kPa at 52 kPa pressure, and ~30 - 80 kPa at 313 kPa pressure. 
3.6 Discussion 
3.6.1 Mechanisms behind CF/PEEK behaviour 
As noted in Chapter 2, reported values of CF/PEEK viscosity vary widely in the 
literature. Two of the findings above help to explain this. Firstly, the low level of stability 
for viscosity measurements over time makes it difficult to perform representative tests on 
the variation of viscosity with other variables, such as strain rate. It was seen in Section 
3.5.2, that changes in viscosity up to 440% were found over 35 minutes, with no change 
in test conditions. Secondly, complex viscosity at 156 kPa pressure and above, is about an 
order of magnitude higher than at 104 kPa pressure and below, so applied pressure is an 
important (and often unreported) factor. 
To explain the findings in Section 3.5.8, it is proposed that CF/PEEK melt behaves as 
a multi-phase, yield-stress fluid at “low” strain rates (which includes all strain rates in 
these tests) and as a viscous fluid at high strain rates (above the values used in these 
tests). As described in Chapter 2, such fluids exhibit a shear viscosity that continuously 
increases as shear rate decreases (Servais et al., 1999), as found here. They also exhibit a 
yield stress in shear, yτ , and a yield stress in compression, yσ , which must be exceeded 
for material to deform. Yield-stress materials typically consist of suspensions of particles 
in a fluid (Mueller et al., 2010). At low shear rates, particle interactions create a network 
structure, imparting a solid-like behaviour. When the applied stress overcomes the yield 
stress, the network structure breaks up, and the material flows. While many of these 
materials exhibit time-independent properties, others display complex behaviour such as 
thixotropy (decreasing shear viscosity over time), or rheopecty (increasing shear viscosity 
with time) (Balmforth et al., 2014, Ovarlez et al., 2013, Møller et al., 2006). Although 
unidirectional CF/PEEK does not conform to the typical description of a yield-stress 
material, it is, nonetheless, a suspension of stiff fibres, in a high viscosity polymer melt. 
In work on a more closely-related material, Servais et al. (1999) suggested that frictional 
interaction between discontinuous fibres in a polypropylene melt, occurring at fibre 
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crossing points, creates the network structure that causes a yield-stress behaviour in that 
material. Likewise, it is proposed here that friction between aligned fibres is the basis for 
the yield stress behaviour in CF/PEEK. Such areas of contact are illustrated in Figure 2.9 
in Chapter 2, in the cross section of the 3D X-ray tomography image of Suprem™ 




Figure 3.26: Proposed lubrication and friction mechanisms during rheological testing 
of CF/PEEK at processing temperatures, (a) initial configuration, (b) transverse 
fibre motion during shearing, (c) schematic showing increased friction due to 
increased normal force between vertically aligned fibres at higher axial load 
(mechanism A) and increased friction over time as additional fibres come into 
contact due to flow of the melt (mechanism B). 
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During testing or processing, regions of adjacent fibres close enough together for 
their rough surfaces to interact will experience boundary-lubricated, frictional resistance 
to movement around other fibres, as illustrated in Figure 3.26(b). The normal force 
between fibres enabling friction, comes from entanglement in the out-of-plane direction 
(Barnes and Cogswell, 1989), which pins fibres at various points along their length, as 
suggested by Cai and Gutowski (1992) 
During oscillatory shear testing, the shear stress needed to overcome the combined 
frictional resistance of all fibre surfaces “in contact” will be theoretically independent of 
strain rate, and at low strain rates, will be much higher than the stress required to shear the 
melt in the spaces between fibres. This results in material behaviour at low strain rates 
that is dominated by fibre friction. The shear stress required to overcome static friction is 
the yield stress in shear, yτ . Once fibres start to slide over each other, the sliding (kinetic 
friction) stress stays roughly constant, independent of strain rate, corresponding to a 
macro-level response in which viscosity reduces linearly with increasing strain rate. 
Meanwhile, as strain rate increases, shear stress in the melt increases, linearly so if the 
melt stays in its Newtonian region. Eventually, at high enough strain rates, the melt will 
provide more shear resistance than fibre-sliding, and the material will behave as a viscous 
fluid, with viscosity largely determined by the melt viscosity. Figure 3.24 indicates that 
the switchover from yield stress to viscous behaviour occurs above the strain rates tested 
here, since viscosity is still linearly decreasing at the highest shear rate, although, in the 
same figure, there is a hint of changeover to viscous behaviour in the data of Groves et al. 
(1992). 
Another contributing factor, is shear banding. Møller et al. (2008) have shown that 
glassy, yield-stress materials loaded in shear at low strain rates, deform in only a thin 
band near the shearing surface, while at high strain rates, no banding is observed. This has 
been described in Section 2.6.1.2 in Chapter 2. Shear banding provides a plausible 
explanation for the increase in viscosity with increasing strain, observed in the 
continuous, constant strain-rate tests of Stanley and Mallon (2006), illustrated in Figure 
2.17 in Chapter 2. In those tests, it is proposed that only one layer, or a few layers, of 
fibres, nearest the moving platen, moved under small applied strain. As the applied strain 
increased, fibre twisting and entanglement, as depicted by Barnes and Cogswell (1989), 
would have led to successive layers being forced into motion, leading to increasing 
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frictional resistance. This translates into the increase in viscosity with strain amplitude 
observed by Stanley and Mallon (2006).  
Unlike those tests, the tests presented here are oscillatory with a constant strain 
amplitude. Nonetheless, it is proposed that shear banding, involving movement of only 
one or a few layers of fibres in the ply, occurs at low strain rates and low applied pressure 
– see the insets in Figure 3.18(a), Figure 3.20 and Figure 3.24. Measured viscosity 
becomes a function of how many layers of fibres displace, and reaches a maximum, when 
all fibres move. At that point, the specimen has an approximately constant shear strain 
distribution through the thickness, which is the situation that is supposed to exist in a 
rheological test. The corresponding viscosity can thus be considered the “homogenised 
material” viscosity, 
maxy
η ,  - the viscosity at a given strain rate in the yield-stress regime, if 
all fibres through the thickness move during the test. It can be achieved by applying high 
enough pressure or, as seen in Stanley and Mallon (2006), large enough strain amplitude. 
It only applies in the yield stress regime. At higher strain rates, the material will behave 
viscously, and all the fibres will be swept along by the melt, so there is no question of 
shear banding occurring. 
Such a model of the material can explain all the findings listed in Section 3.5.8: 
1. The increase in CF/PEEK effective viscosity over time, can be attributed to 
squeezing of PEEK melt from gaps between fibres (due to high pressure in such 
regions), allowing fibres to be pressed closer together over time, as described in 
Lindt (1986) and Hjellming and Walker (1990). More fibre surface area comes 
into contact, as illustrated in Figure 3.26(b), increasing frictional resistance to 
shearing. 
2. Higher temperature facilitates such squeezing of the melt, leading to a faster 
growth rate of fibre surface area in contact, as illustrated in Figure 3.26(c). Hence, 
viscosity is higher at elevated temperature, due to increased fibre friction, and the 
effect becomes more pronounced as a test proceeds over time. This effect would 
only occur at low strain rates and over long timescales (i.e. several minutes). At 
high strain rates, PEEK viscosity would determine the composite viscosity, 
leading to an inverse relationship between viscosity and temperature. 
3. In situations where the contribution to material behaviour from fibre friction is at 
its highest, relative to the contribution from melt viscosity, the largest elastic 
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contribution is expected, as indicated by the lowest phase angles. Thus, the 
findings of low phase angle, as time progressed in oscillatory tests, at higher 
temperatures, at higher pressures (increasingly so as time progresses), and at lower 
strain rates, are all evidence of a stronger contribution from fibre friction to overall 
material response. 
4. The presence of a compressive yield stress, yσ , somewhere between 52 kPa and 
313 kPa, explains the large thickness reduction noted at 313 kPa pressure, in the 
constant angular frequency tests (Figure 3.17(b)). The absence of a similar 
reduction for swept frequency tests may be related to the fact that these tests began 
at high value of ω  (628 rad.s-1).  
5. The stabilisation of the thickness reduction in the 313 kPa, 10 rad.s-1 tests after ~4
minutes, can be explained by increased sample area, which reduces the applied
pressure below yσ , as explained in Picher-Martel et al. (2015) for similar 
behaviour of CF/PEEK randomly-oriented strand material. Assuming CF/PEEK is 
incompressible, calculation of the associated increase in sample width leads to a 
more refined estimation of yσ ≅ 225 kPa. Note that even after thickness 
stabilisation, viscosity continues to increase with time (Figure 3.17(a) and (c)). 
This suggests that reorganisation of the fibres continues, most likely primarily at 
the surface, allowing fibre surface area in contact to continue to increase. 
6. Increased viscosity, noted for the swept angular frequency tests in Figure 3.18(a)
and Figure 3.24, as applied pressure increases from 104 to 156 kPa, can be
attributed to shear banding. For pressures below 104 kPa, it is proposed that shear
banding occurs and only a few layers of fibres at the top of the specimen move. At
pressures above 156 kPa, all fibres in the specimen move, and contribute to
frictional resistance. The transition to all fibres moving at higher pressure can be
attributed to (i) higher stresses in the melt, allowing larger normal forces to be
transmitted between fibres not in contact, (ii) higher normal forces between fibre
surfaces which are in contact, (iii) faster increase in fibre surface area in contact
due to squeeze flow of the melt, and (iv) larger lateral pressure gradients from the
centre of the sample to the edge, as seen in the homogenised models of the ATP
process in Ranganathan et al. (1995). As Figure 3.20 shows, no appreciable
viscosity increase occurs as pressure rises from 156 kPa to 520 kPa, indicating that
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once all fibres displace, the viscosity reaches its “homogenised material” value, 
maxy
η  and does not increase further. 
7. The increase in viscosity, noted for constant angular frequency tests in Figure 
3.17(a), as applied pressure increases from 52 kPa to 313kPa, can also be 
attributed to shear banding at the lower pressure. Viscosity does not increase as 
much with pressure as in the swept angular frequency tests, because in the 313 
kPa test, the specimen underwent a major thickness reduction, which increased the 
specimen width, relieving the pressure, melt stresses, and lateral pressure gradient. 
This could lead to not all fibres through the thickness moving, and hence a higher 
viscosity value at 52 kPa, but below 
maxy
η . 
8. The approximately constant shear stress with shear rate noted in Figure 3.25 is the 
yield stress in shear, yτ . It has a value of approximately 3 - 5 kPa, for specimens 
in which only a few layers of fibres move (at 52 kPa in Figure 3.25), and 
~30 - 80 kPa when all fibres move (at 313 kPa in Figure 3.25).  
Note that the shear-banding hypothesis also explains why the experiments of Stanley 
and Mallon (2006) and Groves et al. (1992), which were carried out under close to simple 
shear conditions, gave lower viscosity values than the squeeze flow tests in Shuler and 
Advani (1996) and the picture-frame tests in McGuinness and Ó Brádaigh (1998) – see 
Figure 3.24. The loading in the latter two studies almost certainly led to movement of all 
fibres through the thickness, whereas shear banding most likely occurred in the former 
two studies. 
3.6.2 Relevance to the ATP system 
In this section, the implications of the above findings for ATP processing of 
CF/PEEK and for models thereof, are discussed. In ATP processing, the roller induces 
squeeze flow in the material, thereby reducing the volume of internal voids, and 
increasing intimate contact between the initially rough, mating surfaces of the pre-preg 
plies (Ranganathan et al., 1995). Continuity of velocity requires that the compressive 
yield stress, yσ , is overcome simultaneously everywhere in the material, so that all the 
material flows (Lipscomb and Denn, 1984). Thus, it is deduced that the data at pressures 
above 156 kPa (for which all fibres move and the viscosity is 
maxy
η ) are more relevant to 
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ATP processing. Models of the process, e.g. Ranganathan et al. (1995) and Narnhofer et 
al. (2013), have shown that under the roller, strain rates are low near the centre of the tape 
width, and high (up to 2500 s-1) near the tape edge. Thus, for CF/PEEK, inner regions of 
the tape will respond as a yield stress material, while outer regions are more likely to 
respond as a viscous material. A homogenised model of CF/PEEK viscosity for squeeze 
flow should thus ideally have a strain-rate dependent viscosity, following the 
maxy
η data for 
strain rates within the tested range (up to ~10 s-1). Furthermore, 
maxy
η  should not increase 
with elevated shear strain. For strain rates above 10 s-1, no data is available. However, 
behaviour at these strain rates is explored via finite element modelling in Chapter 5. 
Stokes-Griffin et al. (2013) estimated the applied pressure of a silicone roller to be 
~180 kPa. The yield stress, yσ , will depend on many factors, but in the 10 rad.s
-1 tests in 
this work, compressive yield (thickness reduction) occurred between 52 kPa and 313 kPa, 
which is in and around the silicone roller pressure, suggesting that there is likely to be a 
minimum threshold for silicone roller force, below which no consolidation at all will 
occur. In contrast, Tierney and Gillespie Jr (2006), in a model that assumed Newtonian 
CF/PEEK behaviour, estimated pressures up to 200 MPa under a metallic ATP roller 
Thus, it is highly unlikely that compressive yield will not be achieved under this roller. 
When compressive yield occurs, a substantial thickness reduction and expansion in the 
width direction is expected, which must be accounted for when laying down parallel tape 
segments. 
In ATP processing, reducing pre-preg viscosity is beneficial for achieving good 
intimate contact (Tierney and Gillespie Jr, 2006) and void consolidation (Tierney and 
Gillespie Jr, 2003). The conventional wisdom is that reduced viscosity is achieved by 
increasing processing temperature. However, while PEEK viscosity decreases with 
increasing temperature, CF/PEEK viscosity is essentially independent of temperature, 
over short timescales, at low strain rates. Therefore, in the centre of the tape width, where 
yield stress behaviour occurs, increasing the temperature by 10-20°C will have little 
effect. At the outer regions of the tape, where the material tends towards viscous 
behaviour, increasing temperature will lower the viscosity. Overall, increasing 
temperature will have an effect, but not as large as if the behaviour was controlled by 
PEEK melt only. 
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Finally, given the short processing times, the increase in viscosity over timescales of 
the order of minutes, labelled “B” in Figure 3.17(a), is not expected to be significant for 
ATP processing under a silicone roller. Under a metal roller, such increases could occur 
more rapidly, but still not fast enough to be relevant for the ATP process. An additional 
consideration is that very high strain rates in compression are necessary to achieve a 
reasonable level of squeezing in the short processing timescales. Such high strain rates are 
likely to be achievable with the elevated pressure fields under a metallic ATP roller 
(Tierney and Gillespie Jr, 2006), with CF/PEEK flowing viscously. However, under a 
silicone roller that generates a significantly lower pressure field than a metal 
roller (Stokes-Griffin et al., 2013), the presence of the yield stress lessens the effective 
stress of the already lower pressure field, reducing achievable strain rates. Consequently, 
CF/PEEK flow is more likely to be governed by fibre friction, and although processing 
times are longer, significant squeezing may be much less likely. 
3.7 Conclusions 
In this chapter, PEEK and CF/PEEK rheology has been examined in detail at 
processing temperatures. The results for PEEK are in line with the literature, and provide 
data for the calibration of a material model for PEEK at 380°C in Chapter 4.  
Concerning the first objective of gaining fundamental insight into the rheological 
behaviour of CF/PEEK melt, many of the findings for CF/PEEK have not been reported 
before and are surprising at face value. However, close examination leads to the 
fundamental insight that they are all explainable, if CF/PEEK melt is considered to 
behave as a yield-stress fluid, in which viscosity at low strain rates is determined 
primarily by fibre friction, and at high strain-rates is dominated by the viscous properties 
of PEEK.  
As regards the second objective of investigating possible reasons for the large 
variations in CF/PEEK transverse shear viscosity results reported to date, it is concluded 
that this is most likely due to differences in applied pressure in each case. This would lead 
to the occurrence of shear banding in some tests and not in others, resulting in 
significantly different values of measured viscosity. 
Concerning the final objective of providing recommendations for modelling of ATP 
processing of CF/PEEK, it is firstly noted that the existence of a yield stress suggests that 
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there is likely to be a threshold pressure under ATP rollers, below which no consolidation 
will occur. Secondly, for ATP process models, it is recommended that transverse shear 
viscosity data from tests involving a significant applied pressure, of the order of 313 kPa, 
be used for a CF/PEEK model definition, rather than data from simple-shear tests, since 
results from the latter may be affected by shear banding. Furthermore, although it is well 
accepted that PEEK viscosity decreases with increasing temperature, a CF/PEEK model 
definition should exhibit a similar trend at high strain rates, but should be 
temperature-independent at low strain rates.  
Results of PEEK viscosity from this chapter will be employed in Chapter 4 to 
develop a finite-element material model of PEEK melt at 380°C. Heterogeneous FE 
models will be employed in Chapter 5 to examine CF/PEEK behaviour more closely. In 
Chapter 6, results from this chapter will be utilised to aid the calibration of a material 











In this chapter, a methodology for finite-element modelling of the viscoelastic 
behaviour of PEEK melt, at processing temperatures, is developed in Abaqus® (Dassault 
Systèmes Simulia Corp., 2013). The overarching aim is a model, which can be used to 
accurately represent PEEK behaviour in models of CF/PEEK melt, with fibres and melt 
modelled as separate entities, to be presented in Chapter 5. To accurately represent the 
melt, the model must demonstrate the rheological behaviour determined in Chapter 3, 
exhibiting a shear viscosity that is Newtonian below a shear strain rate of 10 s-1, and 
shear thinning at higher strain rates. The behaviour should also be linearly viscoelastic, 
i.e. the shear viscosity should be constant over a wide range of shear strain amplitudes.  
Additional considerations add more rigorous requirements. Firstly, as mentioned in 
Chapter 2, given that PEEK melt is a viscoelastic material, the model should also exhibit 
time-dependency, i.e. appropriate creep and relaxation behaviour, similar to that 
described in Yuan et al. (2011). Secondly, various CF/PEEK models in the literature only 
consider shear viscosity in validating the PEEK behaviour (Abadi, 2010, Pipes et al., 
1994), with no consideration given to the extension or compression modes of 
deformation. There is limited data in the literature from extensional rheometry of PEEK. 
Nonetheless, in the models of CF/PEEK melt in Chapter 5, it will be seen that during 
shear deformation of CF/PEEK, large amounts of extension (or compression) occur at 
various points in the PEEK melt. It is thus of interest to know whether the material 
behaviour captures extension and compression in at least a broadly reasonable manner, 
even if it is not possible to validate against experimental data. Thirdly, following the 
conventions of fluid mechanics, a polymer melt is generally regarded as an 
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incompressible material (Advani et al., 1997, Barnes et al., 1989, Sunthar, 2010, Doi and 
Edwards, 1978, Zatloukal, 2010). Thus, the chosen material model, in conjunction with 
element type, and simulation approach, must be capable of depicting incompressible 
behaviour. Additionally, it must be robust, capable of large deformation over a 
wide range of strains and strain rates. Finally, plane strain is assumed, in line 
with the two-dimensional CF/PEEK models presented in Chapter 5. In this chapter, 
potential methodologies available in Abaqus® for modelling PEEK melt are examined. 
The chapter is organised as follows. In Section 4.2, an overview of the simulation 
strategies available with Abaqus® is presented. In Section 4.3, the mechanical models 
often employed to represent viscoelastic material behaviour are described. Section 4.4 
presents the best material behaviour available in Abaqus® to model PEEK melt. Then, 
Section 4.5 presents the finalised model, with predicted results, together with a more 
in-depth look at the behaviour under pressure, presented in Section 4.6. Some remarks on 
the limitations of other model/strategy choices are given in Section 4.7, with conclusions 
in Section 4.8. 
4.2 Available simulation strategies in Abaqus® 
As noted above, the overarching aim in this chapter is a model of PEEK melt that 
can be used in the CF/PEEK melt models of Chapter 5, in which fibres and melt are 
modelled as separate entities. There are two main approaches available for modelling 
CF/PEEK melt in Abaqus®. Firstly, a Lagrangian approach can be taken. This treats both 
the PEEK melt and the fibres as deformable solid materials, in either a quasi-static 
simulation in Abaqus®/Standard, in which inertia is ignored, or a dynamic simulation in 
Abaqus®/Explicit. Since a capability to model large deformation of PEEK melt around 
stiff fibres is required, with large element strain and rotation possible, geometric 
nonlinearity needs to be enabled, which removes the simplifications of infinitesimal 
strain theory. Additionally, adaptivity techniques to smooth the deformed mesh are 
available in Abaqus®. Mesh-to-Mesh solution mapping in Abaqus®/Standard, allows the 
deforming model to be remeshed at intervals during the simulation, while Arbitrary 
Lagrangian-Eulerian (ALE), available in Abaqus®/Standard and Abaqus®/Explicit, 
adaptively smooths the mesh of the deforming model throughout the simulation. 
Secondly, a non-linear, dynamic, Coupled Eulerian-Lagrange (CEL) approach can be 
utilised, which is available in Abaqus®/Explicit only. In this approach, the melt is treated 
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as a fluid moving through a finite volume mesh, employing a volume of fluid (VOF) 
approach, while fibres are treated as Lagrangian solids. CEL has the advantage of 
eliminating extreme mesh deformation, but is very expensive computationally, increasing 
simulations times by a factor of >100. Within both approaches, various material 
behaviours are available, which fall into two categories: viscoelastic behaviour, based on 
spring/dashpot arrangements, or Equation of State (EOS) behaviour, based on the Ideal 
Gas Law. 
Abaqus®/Standard employs an implicit, quasi-static analysis method. It solves a 
non-linear, rate-dependent problem, involving the construction and solution of a single 
Jacobian matrix, composed from the finite-element equations of all elements. The 
Newton incremental-iterative procedure is employed to discretise the problem over its 
time history.  
Abaqus®/Explicit carries out a dynamic analysis, in which the central difference time 
integration rule is utilised to carry out element-by-element calculations. A large number 
of increments can be carried out efficiently in a short time period. The central difference 
scheme is conditionally stable, i.e. its stable time increment is approximated by the 
transit time of a dilatational (longitudinal) wave across the smallest element in the mesh, 





    4.1 
where minL  is the size of the smallest element and dc  is the dilatational wave speed for 









  4.2 
where   and   are the effective Lamè’s constants for the material, and   is the 
material density (Dassault Systèmes Simulia Corp., 2011b). Mass scaling (artificially 
increasing  ), when available, can be employed to reduce dc , thereby increasing t . 
Incompressible material behaviour poses additional challenges for finite-element 
simulation. With standard elements and an incompressible material, pressure is not 
solvable numerically (Dassault Systèmes Simulia Corp., 2011b), and a Poisson’s ratio of 
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0.5 is prohibited. Additionally, volume strain-locking can occur in materials whose 
Poisson’s ratio is greater than 0.49, which results in deformations not being properly 
represented. To mitigate against these issues, in Abaqus®/Standard, hybrid, 
mixed-formulation elements are employed, which overcome both issues (Dassault 
Systèmes Simulia Corp., 2011a). In this formulation, additional degrees of freedom are 
added, at which pressure is calculated via constitutive equations. A constant pressure 
shape function is employed in linear hybrid elements, or a linear pressure shape function 
in quadratic hybrid elements (Dassault Systèmes Simulia Corp., 2011b). A fully 
incompressible response can be simulated with this formulation in Abaqus®/Standard. 
Unfortunately, these elements are not available in Abaqus®/Explicit. Instead, 
reduced-integration, displacement-formulated elements can be employed, which 
overcome volume strain locking problems, but do not assist with pressure calculation. 
Consequently, in Abaqus®/Explicit, it is only possible to simulate a nearly 
incompressible material.  
4.3 Modelling viscoelastic behaviour 
 Volumetric and deviatoric stresses 4.3.1
The stress in an incompressible fluid can be divided into volumetric and deviatoric 
components, given by (Keunings, 2003, Bird et al., 1987): 
 ij hyd d ijP I s      4.3 
where ij  is the Cauchy stress tensor, hydP  is the hydrostatic pressure relative to the 
ambient or reference pressure, dI  is the identity matrix, and ijs  is the deviatoric or 
“extra” stress tensor. The hyd dP I  term does not result in any change in shape of the 
material. The deviatoric ijs  term is the stress necessary to cause fluid deformation, or 





x xy xz hyd x xy xz
xy y yz hyd xy y yz
xz yz z hyd xz yz z
P s s s
P s s s




     
            
          
  4.4 
Thus xy xys   etc., i.e. total shear stress components equal the corresponding deviatoric 
shear stress components, while total extension/compression stress components equal the 
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corresponding deviatoric stress component minus the hydrostatic pressure, e.g. in the 
x-direction:
x x hyds P   4.5 
In the present work, a viscoelastic material model is sought, that represents the deviatoric 
behaviour of PEEK melt.  
 Mechanical models of viscoelastic behaviour 4.3.2
Viscoelastic materials contain properties of both elastic solids and viscous fluids. As 
a result, the material properties exhibit time dependence, or a “fading memory” (Brinson 
and Brinson, 2008). Simple viscous models, such as Newtonian or Carreau models, 
supply a relationship between viscosity and strain rate, as outlined in Chapter 2, 
providing the basis for calculation of ijs . However, time dependence is not accounted for 
in this arrangement. To do this, a more refined approach is necessary. 
Simple mechanical models are often employed to describe the viscous or elastic 
extremes of viscoelastic behaviour (Rosen, 1993). They are visualised in extension, but 
their equations are generally transformed to equations in shear. Extension of a 
linear-elastic spring represents solid-like elastic behaviour, with shear stress, s , 
increasing linearly with shear strain, s : 
s s sG    4.6 
where sG  is the shear modulus of the spring. Linear, viscous, fluid-like behaviour is 
represented by a dashpot, for which shear stress, d , increases linearly with strain rate, 
d : 
d d d    4.7 
where d  is the shear viscosity of the dashpot. These elements are described as linear 
because sG  and d  do not depend on the magnitude of stress or strain (Rosen, 1993). To 
represent viscoelastic behaviour between these two extremes, the elements are sometimes 
connected in series to form a Maxwell model, or in parallel to form a Kelvin-Voigt 
model (Rosen, 1993). In the present work, the Maxwell model is utilised. 
Finite-Element Modelling of PEEK Melt   
4-6 
 The Maxwell model 4.3.3
In a Maxwell model, the spring and dashpot are connected in series, hence, the stress 
in the spring and dashpot is the same: 
 d s      4.8 
while the strain is the sum of the strains across both spring and dashpot, i.e. 
 d s      4.9 
Differentiating yields: 
 d s         4.10 











        4.12 
which is rewritten as: 
 d        4.13 
where d sG   is denoted the “relaxation time” of the model. Two time-dependent 
responses of interest are: creep and stress relaxation. 
Creep is the strain response of the material to a sudden instantaneous shear stress, 
0 , as illustrated in Figure 4.1(a). The resulting shear strain is time dependent, and given 
by integration of equation 4.11 with respect to time:  







    4.14 
It comprises of an instantaneous strain, given by 0
sG
 , caused by the instantaneous 





. Thus, the Maxwell model flows like a fluid, deforming continuously under an 
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applied stress. This compares favourably to the Kelvin-Voigt model in which the spring 
and dashpot are connected in parallel. Under an applied stress, strain from Kelvin-Voigt 
model creeps exponentially to a finite value, more like a viscoelastic solid, rendering it a 
less suitable model for a polymer melt. For the Maxwell model, a “creep compliance” in 
shear,  J t , is defined as (Rosen, 1993): 






   4.15 
 
(a) (b) 
Figure 4.1 (a) Creep and (b) stress relaxation of a Maxwell model (adapted from 
(Rosen, 1993)). 
Stress relaxation is defined as the decrease of stress when an applied steady strain, 
0 , is held constant, usually after the stress in the original steady flow has reached 
equilibrium (Barnes et al., 1989). This process is shown in Figure 4.1(b). A step input in 
strain, 0 , results in an instantaneous stress increase, 0sG  , which then relaxes 
exponentially with time: 
 0( )
t
st G e  

   4.16 
which is arrived at by solution of equation 4.13. A so-called “relaxation modulus”, rG , is 












    4.17 
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Thus,   is the time constant for the relaxation process, i.e. the time for the relaxation 
modulus to decrease by 1 e . 
 The generalised Maxwell model 4.3.4
To represent experimental polymer data, a generalised Maxwell model, in which a 
number of Maxwell elements, are connected in parallel, is generally employed. To 
examine relaxation, an instantaneous strain, 0 , is applied across all the elements, 








t G e  
















    4.19 
where i  is the Maxwell element number, i  is the relaxation time and iG  is the 
relaxation modulus for that element. In theory, a model with a large number of Maxwell 
elements can better represents the overall behaviour of a polymer melt. In the limit, an 
integral over a continuous distribution of relaxation times, and weighted constants would 
be given by: 
 
0
( ) ( ) i
t
rG t G e d
 

    4.20 
which replaces the summation of 4.19, to form a relaxation spectrum. However, for 
finite-element modelling purposes, a Maxwell model consisting of only a few Maxwell 
elements, is generally used to describe typical polymer melt behaviour, employing 
equation 4.19. 
 Response to a variable stress/strain input 4.3.5
The response of the generalised Maxwell model to a more complex-shaped input 
over time, can be calculated using the Boltzmann superposition principle (Brinson and 
Brinson, 2008). Some authors refer to this as a Duhamel integral, or hereditary integral. 
With this approach, the complex input is assumed to be represented by a series of 
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impulse inputs each occurring over a small time interval, s , at different times. This 
approach assumes that the material behaviour is linear, so that the principle of 
superposition applies for the addition of the effects of the multiple impulse inputs. The 
shear strain output for a variable shear stress input can then be calculated as: 
 
0
( )( ) ( )
t d st J t s ds
ds

     4.21 
This sums the incremental creep strain from the applied stress over the history of the 
response. Correspondingly, the shear stress output from a variable shear strain input can 
be calculated as: 
 
0
( )( ) ( )
t d st G t s ds
ds

     4.22 
With this approach, the rate-dependent response of viscoelastic materials can be 
represented. 
4.4 A constitutive model for PEEK melt in Abaqus® 
In Abaqus®, a generalised Maxwell model was recently implemented, of the form 
shown in Figure 4.2, called the Parallel Rheological Framework (PRF) (Lapczyk et al., 
2012, Dassault Systèmes Simulia Corp., 2011a). It features Maxwell element branches 
connected in parallel, with the possibility of a single equilibrium branch that features a 
spring only. It requires implementation of the *VISCO keyword to model time-
dependent behaviour. To model large deformations with this model, hyperelastic 
behaviour must be included instead of linear-elastic behaviour. Hyperelastic material 
descriptions are generally employed to describe large deformation of rubber-like 
materials (Kaliske and Rothert, 1997), exhibiting non-linear stress variation with strain. 
This feature is not useful for modelling PEEK melt. In fact, it is somewhat of a 
drawback, as will be seen in Section 4.5.2. However, the formulation of a hyperelastic 
material with a PRF material in Abaqus® imparts improved robustness for simulation of 
large deformation, and is compatible with the use of hybrid elements for incompressible 
material definition in Abaqus®/Standard. These advantages necessitate its use in the 
present work. 
Under an applied strain, at low strain rates, the dashpots have time to relax, 
removing any stress in the Maxwell elements. Hence the total elastic component of the 
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material is that of the equilibrium branch only, which is called the Long-Term modulus. 
At very high strain rates, the dashpots do not have time to relax, so the springs in the 
Maxwell elements stay stretched, and the total elastic component is the sum of the elastic 
components in all branches. This is called the Instantaneous modulus. If a material 
undergoes a very high strain rate, followed by a low strain rate, the modulus will “relax” 
from the Instantaneous value to the Long-Term value. To model a viscoelastic fluid, such 
as PEEK melt, the equilibrium branch is generally eliminated, so that relaxation to a 
Long Term modulus of zero occurs (Dassault Systèmes Simulia Corp., 2011a). Hence, 
only an Instantaneous modulus is specified. The components of the PEEK melt model 
are discussed next. 
 
 
Figure 4.2 Viscoelastic constitutive material behaviour (adapted from Dassault 
Systèmes Simulia Corp. (2011a)). 
 The hyper-viscoelastic potential 4.4.1
The hyperelastic component of the material behaviour is defined by a strain energy 
potential,  , which describes the energy stored as a function of strain. In this work, an 
Arruda-Boyce strain energy potential is used (Arruda and Boyce, 1993), which has the 
form: 
    vC J       4.23 
where  C  is a deviatoric component and  v J  is a volumetric component (Dassault 
Systèmes Simulia Corp., 2011b). The deviatoric part was developed by Arruda and 
Boyce (1993), based on an 8-spring model of a volume element. A simple volumetric 
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  4.24 
where, 1I

 is the first invariant of stretch, elJ  is the elastic volume strain, 1
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C  , and m  is the locking stretch, above 
which, the non-linear slope of the stress-strain curve increases significantly. The initial 
shear modulus ABG  is related to AB  and m  by the compatibility equation: 
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   4.26 
Therefore, choosing 0ABD  , results in 0K   , imparting incompressible behaviour. 
 Viscoelastic component 4.4.2
This hyperelastic shear modulus, ABG , is distributed over all the branches, with the 









    4.27 
where i  is the branch number and 0s  is the ratio of the equilibrium branch. Therefore, 
the effective shear modulus in each branch is given by: 
 i i ABG s G   4.28 
To eliminate the equilibrium branch, is  values were chosen that sum to one, with 0s = 0. 
The overall PRF response is calculated using a multiplicative split of the deformation 
gradient, F , given by: 
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 e crF F F   4.29 
where eF  is the hyperelastic deformation gradient and crF  is the creep deformation 
gradient. Such an approach is employed in constitutive theories of finite deformation of 
thermoelastic, elastoplastic and biomechanical materials (Lubarda, 2004). Non-linear, 
viscoelastic dashpot behaviour can be specified with a creep potential, calculated via 
evolution of an equivalent creep strain rate. For this, a power-law, strain-hardening 
model is added to each branch, i , of the form: 




i ie A q m 
   
    4.30 
where cre  is the equivalent creep strain rate, cr  is the equivalent creep strain, q  is the 
equivalent deviatoric Kirchhoff stress, and iA , im  and iPn  are material parameters for 
each branch. The relaxation time of the dashpot in each branch is indirectly controlled by 
the value of iA . To model PEEK melt, linear viscoelastic behaviour was specified by 
designating 0im   and 1iPn  , whereby: 
 cr ie Aq    4.31 
resulting in a linear dependence of equivalent creep strain rate on equivalent deviatoric 
Kirchhoff stress. 
 Parameters for PEEK melt at 380°C 4.4.3
The parameters for the chosen PEEK melt model at 380°C in Abaqus®/Standard are 
given in Table 4.1. A combination of four branches imparts correct viscoelastic shear-
thinning behaviour, with linear viscoelastic behaviour in the Newtonian regime. 
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Table 4.1 PRF model parameters for PEEK melt at 380°C. 
Arruda-Boyce strain 








7 Pa 1s 0.00003 3s 0.09 
Modulus Instantaneous 1A 0.01 Pa
-1 s-1 3A 2.0·10
-3 Pa-1s-1 
m 20.0 1G 900 Pa 2G 2.7·10
6 Pa 
ABD 0 Pa
-1 1  0.096 s 3 2.26·10
-4 s
2s 0.005 4s 0.90497 
2A 3.0·10
-3 Pa-1s-1 4A 3.0·10
-3 Pa-1s-1 
3G 1.5·10
5 Pa 4G 2.714·10
7 Pa 
2 2.408·10
-3 s 4 1.05·10
-5 s
1 2 3 4 0.0m m m m     1 2 3 4 1.0P P P Pn n n n     
The parameter ABG  is calculated from AB  with equation 4.24, and is interpreted as the 
instantaneous shear relaxation modulus,  0rG , given by equation 2.9 at time t = 0.  rG t  relaxes 
to a final hyperelastic state, with a long-term shear modulus 0 0G G  . Values of iG  are 
calculated as i ABs G , while values of i  are determined by the method outlined in Section 4.5.5. 
4.5 Model validation 
 Single-element test setup 4.5.1
To examine the performance of the material model, a series of two-dimensional, 
plane-strain, quasi-static, square, single-element tests were performed. A linear, hybrid 
element, CPE4H, of length el 1 m, was employed for all of the tests in this section. 
Prior to deformation, hydP  was set to zero to ensure that the deviatoric stress tensor (see 
equation 4.4) was determined. The element was deformed either in shear, extension or 
compression, as shown in Figure 4.3. Engineering strains were calculated using the 
relationship (Bathe, 1996): 
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where   is the engineering shear strain, x  and y  are the normal strains and ed  is the 
matrix of nodal displacements. The strain-displacement matrix for the element, B , was 
calculated from the nodal coordinates combined with linear shape functions. 
Additionally, true strain in extension or compression, tE , tC , was calculated in Matlab® 
as: 









where edl  is the change in length of the element in the y-direction. The corresponding 
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
  4.34 
where tEd , tCd  and d  are the change in strain magnitudes and dt  is the 
accompanying change in time.  
Shear stress, xy , was evaluated from a displacement-controlled shear deformation in 
the xy-direction, as shown in Figure 4.3(a), for a range of engineering strain rates from 
0.001 to 1000 s-1 and a range of engineering strain amplitudes from 0 to 300%. Shear 






Deviatoric stresses in extension and compression of the material model, E , C , were 
evaluated from a displacement-controlled deformation in the y-direction, with no applied 
hydrostatic pressure, for a similar range of true strain rates and true strain amplitudes, as 
is standard for viscoelastic fluids (Dealy, 1995). Results are shown in Figure 4.3(b) and 
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Figure 4.3: Two-dimensional, plane-strain, single-element test in (a) shear, 
(b) compression, and (c) extension deformation modes (plane-strain in the z-direction) 
 Hyperelastic component of the model 4.5.2
Before examining the full PRF model, the Arruda-Boyce hyperelastic potential 
supporting it was examined. Parameters for this material are given in columns 1 and 2 of 
Table 4.1. This material has no rate dependence, i.e. stress is constant with strain rate. 
Therefore, only its behaviour with strain magnitude is of interest.  
Simulated shear stress, as a function of engineering shear strain up to 300%, for 
three values of m  from the default value of 7 to a high value of 100, were plotted in 
Figure 4.4. This was compared to theoretical linear-elastic shear stress behaviour, given 
by (0)G  , where (0)G  is equal to AB , (pink dashed line). This linear relationship 
only appears curved because it is plotted on log-linear axes. It is seen that simulated 
shear stress is insensitive to the value of m  employed, matching linear-elastic results 
very well, over the strain range examined.  
Similarly, stress in extension and compression, as a function of true strain up to 
300%, for m  from 7 to 100, was compared to theoretical linear-elastic normal stress 
behaviour, given by E   (grey dashed line), where E  is the plane-strain Young’s 
modulus (Appendix G), in Figure 4.4. It is seen that the results from the hyperelastic 
material model match the theoretical results up to a true strain of ~30%, but thereafter 
give much higher stress values compared to the theoretical linear-elastic results. This is 
the non-linear increase in stress, referred to in Section 4.4. 
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When stress is converted into equivalent viscosity at a strain rate of 10 s-1, as 
illustrated in Figure 4.4, an increasing viscosity with strain magnitude is observed, which 
contravenes linear viscoelastic behaviour. This is due to linear-elastic behaviour in shear, 
and non-linear elastic behaviour in extension and compression. Increasing the value of 
m , provides only a slight mitigation of the non-linear viscosity increase in extension and 
compression. Fortunately, when this material is employed with the PRF, it will be shown 
that parameters for the power-law, strain-hardening model, chosen to eliminate this 
effect, result in linear viscoelastic behaviour in the Newtonian region (see Section 4.5.4). 
 
Figure 4.4 Arruda-Boyce hyperelastic model, under three loading modes, compared 
to theoretical linear-elastic behaviour, showing   versus engineering strain, and E  and 
C  versus true strain. Stress translates into a corresponding viscosity, shown on the right-
hand y-axis for a strain rate of 10 s-1. 
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 Variation of viscosity with strain rate 4.5.3
The behaviour of the full model for PEEK melt was compared with rheological data 
for shear viscosity of PEEK melt at 1% strain amplitude and 380°C, from Chapter 3, as 
shown in Figure 4.5(a). It can be seen that computed shear viscosity, calculated using 
engineering strain, matches the experimentally-determined shear viscosity in the 
Newtonian region, and captures the shear-thinning behaviour above a strain rate of 10 s-1 
reasonably well. The viscosity contribution from the four individual PRF branches is also 
shown, illustrating that the low-numbered branches contribute to viscosity at low strain 
rate, while the high-numbered branches contribute to viscosity at high strain rates. 
Additionally, in the Newtonian region, E  and C  are both ~1672 Pa.s, while   is ~421 
Pa.s, resulting in a Trouton ratio, RT , of 3.97, where the Trouton ratio is given as 










  4.37 
where   is the extensional true strain rate. The theoretical value of RT  for planar 
extension of a Newtonian fluid is four (Petrie, 2006) (Appendix G). Hence, the 
extensional behaviour of this model is in line with theory for Newtonian fluids, at small 
strain amplitudes. 
The corresponding stress is shown in Figure 4.6, with stress in compression shown 
as an absolute value. Stress in shear, extension and compression increases with strain 
rate, up to ~10 s-1, in keeping with Newtonian behaviour in that region. At higher strain 
rates, because of shear-thinning, stresses start to level off and become constant. Shear 
stress reaches a maximum value of ~2.6·105 Pa at ~103 s-1, while the maximum stress in 
extension or compression is ~1.2·106 Pa. 
 Variation of viscosity with strain amplitude 4.5.4
The computed shear viscosity as a function of strain up to 300%, at a strain rate of 
10 s-1, in the Newtonian region, is compared with rheological data in Figure 4.7. It is seen 
that the model correctly predicts a constant value of shear viscosity with increasing 
strain, in line with its linear-elastic definition. At larger strain amplitudes, the model 
predicts E  and C  to be constant with increasing true strain. This confirms that the 
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addition of the power-law, strain-hardening model to the overall PEEK melt model, 
eliminates the stress increase that occurs in the hyperelastic material component (see 
















Figure 4.5 Viscosity of the PEEK melt model at 380°C, under three loading 
modes, compared to rheology data from Chapter 3, showing (a) all viscosity modes 
versus engineering strain rate at strain amplitude of 1%, and shear viscosity at 
additional shear strain amplitudes of 10% and 100%, and (b) shear viscosity only, 
showing the contribution of the four individual branches. 
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Figure 4.6 Stress (absolute value) of the PEEK melt model at 380°C, under three 
loading modes, versus engineering strain rate at strain amplitude of 1%.  
 
Figure 4.7 Viscosity of the PEEK melt model at 380°C, under three loading 
modes, showing   versus engineering strain (model and rheology data), and E  and 
C  versus true strain (model only), all at strain rates of 10 s
-1. 
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 Relaxation response 4.5.5
In this section, the time-dependent relaxation of stress in the PEEK melt model is 
examined. Cogswell (1992) reports an overall relaxation time for PEEK of 0.1 s. Yuan et 
al. (2011) present relaxation spectra for three grades of PEEK with molecular weights of 
80, 94 and 125, determined experimentally at a shear strain of 0.1 (10%), applied in an 
instantaneous step, in a nitrogen atmosphere, at 380°C. Such a relaxation spectrum results 
from different molecular processes in the melt, which relax at different rates. 
 To examine relaxation in the PEEK melt model, a step-strain stress relaxation test 
(Bird et al., 1987) was employed, in which a sudden shear strain, 0 , of 0.05 (5%) was 
applied to the single element at three different strain rates, 100 s-1, 1000 s-1 and 106 s-1, 
and then held constant for a time period, t , of 1 s. During this period, shear stress 
generated by the applied strain rates, relaxes to lower values. The shear relaxation 






   4.38 
where ( )t  is the shear stress at time t . The variation of ( )rG t  and shear stress with time 
on a logarithmic scale is shown in Figure 4.8(a), and the shear relaxation spectrum is 
shown in Figure 4.8(b). At the highest applied strain rate of 106 s-1, the initial modulus, 
(0)rG  is 2.4·10
7 Pa, which is very close to 3·107 Pa, the value of the Instantaneous 
modulus. It then relaxes from this value by approximately seven orders of magnitude in 
less than 1 s. The overall relaxation time,  , was calculated by fitting this response to 
equation 4.17. This gave a value of    ~0.075 s, which is in good agreement with 
Cogswell (1992). 




Figure 4.8 Shear relaxation of PEEK melt model from shear strain of 5%, (a) shear 
relaxation modulus and corresponding shear stress versus relaxation time for strain rates 
of 100 s-1, 1000 s-1 and 106 s-1, together with individual branches tested at 106 s-1. Inset 
shows the relaxation of Branch 1 on linear x- and y-axes, illustrating exponential decay 
of ( )rG t  with time, and (b) shear relaxation spectrum compared to experimentally-
determined data in the literature for PEEK94 melt grade at 380°C and 10% strain 
amplitude (Yuan et al., 2011). 
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The relaxation modulus of each individual branch is also plotted in Figure 4.8(a). 
This illustrates that at high initial modulus, (0)rG  ~10
7 Pa, resulting from a high applied 
strain rate of ~106 s-1, initial relaxation occurs at a rate governed by Branch 4. As the 
modulus relaxes from ~107 Pa to ~103 Pa, the longer relaxation times of the 
lower-numbered branches govern the relaxation rate. Once the modulus falls below 
~103 Pa, 1  governs the relaxation rate. Additionally, relaxation moduli from lower 
applied strain rates of 100 s-1 and 1000 s-1, are also shown in Figure 4.8(a). Since the 
resulting values of (0)rG  are lower at ~10
5 Pa, rates of relaxation are governed by 
Branches 1, 2 and 3, with negligible contribution from Branch 4. 
The inset shows, as an example, that the relaxation modulus of Branch 1 follows an 
exponential decay, in line with Maxwell element behaviour. The relaxation time, i , of 
each branch was calculated by fitting its response to equation 4.17, and the relaxation 
modulus weighted constant, iG , was taken as the relaxation modulus at 10
-6 s. The 
resulting relaxation spectrum of four data points, one for each branch, with relaxation 
times ranging from ~10-5 s to 10-1 s, is shown in Figure 4.8(b), compared to the data of 
Yuan et al. (2011). The results of Yuan et al. (2011) are only applicable to the portion of 
the relaxation spectrum with relaxation times greater than 0.01 s, and so do not provide 
any information on the high-numbered branches that determine high stress/high 
strain-rate response of the material. However, it is encouraging that there is good 
agreement between the simulated relaxation time of Branch 1, and the experimental data 
of PEEK94, which exhibited a viscosity similar to the PEEK melt in this work. 
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 Creep response 4.5.6
Creep in the PEEK melt model was examined by applying a near-instantaneous 
stress of 1 kPa, to the single element, (as a linear ramp over 10-6 s), in shear, extension 
and compression. The magnitude of the resulting strain is plotted versus time. 
Engineering strain was examined in shear, while true strain was examined in extension 
and compression. Results, shown in Figure 4.9, illustrate that strain varies linearly with 
time in all three loading modes, i.e. the material “flows”. Furthermore, the initial 
instantaneous strain, given by 0
sG
  in equation 4.14, is calculated as 3.3·10-5, which is 
negligible. This is the required behaviour for a generalised Maxwell model that 
represents fluid flow. 
 
 
Figure 4.9 Creep strain of the PEEK melt model versus time, due to a stress of 1 kPa, 
applied over 106 s, for three loading modes, showing engineering shear strain, and true strain 
in extension and compression. 
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4.6 Effect of local hydrostatic pressure 
In this section, the effect of externally applied pressure on the stresses of the PEEK 
melt model during deformation is investigated.  
As mentioned in Chapter 2, one effect of pressure on polymer melts is to cause 
viscosity to increase. The increase is described by a Barus equation (2.8). Generally, such 
increases have not been considered a significant effect in the literature (Rosen, 1993), 
and this effect is therefore disregarded in this work. 
Another effect of pressure (on any material), is that local hydrostatic pressure, hydP , 
affects the stresses in compression or extension, as described by equation 4.4. 
Mathematically, the applied hydrostatic pressure subtracts from deviatoric normal 
stresses. To examine this effect in the PEEK melt model, the single-element tests of 
Section 4.5.1 were repeated at two values of applied hydrostatic pressure, namely 1 kPa 
and 100 kPa. Pressure was implemented via a uniformly-distributed surface load applied 
to the element edges. The resulting total stresses in all three loading modes are shown in 
Figure 4.10. 
With no applied pressure the magnitudes of the relevant stresses under shear ( ), 
extension ( E ) and compression ( C ) loading increase with increasing strain rates, as 
illustrated previously in Figure 4.6. It is observed that C  is negative, while   and E  
are positive. These correspond to the deviatoric stresses, ijs , in equations 4.3 and 4.4.  
With applied pressure, shear stress,  , in the shear test is unaffected, as expected 
from equation 4.4. However, the normal stresses exhibited in extension or compression at 
low strain rates are approximately constant with a value close to hydP . For example, 
Figure 4.10 illustrates that to compress an element of PEEK melt by a strain of 1% at a 
strain rate of 10-2 s-1, a deviatoric compressive (negative) stress of ~17 Pa results. In 
contrast, under an applied hydP  of 1 kPa, the total normal stress (negative), C , exhibited 
by the element increases to approximately -1 kPa. This value remains constant for strain 
rates up to ~0.5 s-1, above which, the deviatoric stresses start to exceed hydP . Under a 
larger hydP  value of 100 kPa, strain rates of up to ~100 s
-1 are necessary for C  to exceed 
hydP . 
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Alternatively, Figure 4.10 shows that on extension of an element of the PEEK melt 
model by a strain of 1% at a strain rate of 10-2 s-1, a deviatoric (positive) extensional 
stress of ~17 Pa results. Now, under a hydP  value of 100 kPa, a negative total normal 
stress, E , of ~100 kPa is exhibited by the element for strain rates of up to ~100 s
-1. 




Figure 4.10 Effect of applied pressure on total stress in shear, compression and 
extension deformation modes, for pressures of 0 kPa, 1 kPa and 100 kPa, as a function 
of engineering strain rate, at strain amplitude of 1%, for the PEEK melt model. Insets 
show the two-dimensional, plane-strain, single-element test in (a) shear, (b) 
compression and (c) extension deformation modes (plane strain in the z-direction) with 
applied hydP . 
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All of this confirms that the effect of pressure applied to the PEEK melt model obeys 
equations 4.3 and 4.4. This will benefit the study of CF/PEEK deformation in Chapter 5, 
in which values of normal stresses in elements between fibres, can be influenced by the 
local hydrostatic pressure. 
4.7 Limitations of the model 
There are some minor weaknesses to the PRF representation of neat PEEK. Firstly, it 
is generally accepted that uniaxial extensional viscosity of polymer melts increases with 
strain rate (Petrie, 2006), although the author is not aware of any data on this for PEEK. 
This does not happen in the planar model (Figure 4.5). Secondly, above 10 s-1, shear 
viscosity increases with rising strain, contravening linear viscoelastic behaviour. This 
behaviour is illustrated for shear viscosity in Figure 4.5(a), but also occurs for E  and 
C . As a result, simulated viscosity approaches Newtonian behaviour above the “knee” 
value at very large strains (~100%). A corresponding increase in shear viscosity with 
strain amplitude is not noted in the experimental data above the “knee” value at 100 s-1 in 
Figure 3.6 of Chapter 3. These are considered small weaknesses in an otherwise 
acceptable representation of PEEK polymer melt. A third issue is that the hyperelastic 
component of the PEEK melt model is not compatible with either of the two adaptivity 
techniques in Abaqus®/Standard to smooth the deformed mesh, mentioned in Section 4.2. 
Additionally, the PRF model was not available in the CEL approach in Abaqus®/Explicit 
when the present work was been carried out. As a result, no method of overcoming issues 
with large mesh deformation was possible with this material model. This limited the 
magnitude of strain, in more complex models in Chapter 5, which could be simulated 
with this model, but it was still sufficient for the present work. A key feature is that the 
model shows no catastrophic failures at large compression or extensional strain 
amplitudes, indicating that it is capable of simulating deformation with large strain 
amplitudes. 
Other materials in Abaqus® were considered. Firstly, the Prony series model in 
Abaqus®/Standard offered another form of a generalised Maxwell model, which has been 
around for much longer than the PRF. It also features Maxwell element branches 
connected in parallel, the possibility of a single equilibrium branch, and hyperelastic 
spring behaviour. However, it exhibited two major shortcomings:  
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1. It was not possible to model linear-viscoelastic behaviour of the melt, in which 
viscosity is constant with increasing strain. Stress increased with strain, because of 
the linear-elastic model components, and this was exacerbated by the non-linear 
hyperelastic behaviour in extension and compression.  
2. It did not provide a robust simulation at large deformation. Large extension and 
compression deformations failed at strain amplitudes of ~150%, accompanied by the 
error message “Elastic Jacobian or stretches did not converge for element 1”. 
Discussions with Dassault Systèmes concluded that this failure mechanism was due 
to instability of hyperelastic potentials when combined with the Prony series.  
Consequently, the Prony series model available in Abaqus® was not suitable for this 
work. 
Secondly, Prony Series and PRF material behaviours in Abaqus®/Explicit were 
investigated. However, some shortcomings were identified, that rendered them unsuitable 
for the current problem. Firstly, the explicit formulation must utilise reduced-integration, 
linear, elements, such as CPE4R, a four-node, bilinear, non-hybrid element. As a result, it 
exhibits poor stability of normal stresses in compression and extension, and hence, poor 
stability of pressure. Additionally, the definition of a fully incompressible material is not 
possible. In the Arruda Boyce strain-energy potential, the value of ABD  is not allowed to 
be zero, so a somewhat compressible behaviour is unavoidable. Furthermore, simulations 
of compression and extension exhibited a non-physical change in volume at high strain 
rates. This is related to the dilatational wave speed of the material, dc . Mass scaling, i.e. 
artificially decreasing material density, increases the strain rate at which volume change 
occurs, at the expense of greatly increased computational times, but volume change 
cannot be totally eliminated. The latter shortcoming of the Abaqus®/Explicit Lagrangian 
approach was also noted in the Abaqus®/Explicit CEL approach with the Prony series 
model. 
Finally, an equation of state (EOS) approach to describe neat PEEK melt is possible 
in Abaqus®/Explicit. A Mie-Grüneisen EOS model was investigated, together with a 
Carreau-Yasuda, rate-dependent viscosity (Dassault Systèmes Simulia Corp., 2011a) for 
PEEK melt at 380°C, employing parameters determined in Chapter 3. However, it was 
found that, in addition to the problems with the use of Abaqus®/Explicit outlined above, 
an EOS model does not correctly model the time-dependent relaxation of the material. In 
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a stress relaxation test, under an applied strain, the stress instantaneously relaxes to zero, 
which is a non-physical behaviour. 
All of this confirmed that, a Langrangian approach in Abaqus®/Standard, with 
hybrid elements, and the PRF material model, was the most appropriate choice for 
modelling PEEK melt behaviour. 
4.8 Conclusions 
In this chapter, a non-linear, viscoelastic, material model based on the Parallel 
Rheological Framework was developed to represent PEEK melt. Apart from some minor 
inaccuracies, the model provides a faithful reproduction of rheological shear data from 
Chapter 3, gives acceptable behaviour under extension and compression, and is robust to 
reasonably large deformations. This material model will be employed in Chapter 5 to 







Heterogeneous Multiscale Models of 
CF/PEEK at Processing Conditions 
5.1 Introduction 
In this chapter, a finite-element (FE) study is carried out, on the shear behaviour of 
CF/PEEK melt. The rheological tests in Chapter 3 indicated that unidirectional CF/PEEK 
melt exhibits many of the characteristics of a “structured yield-stress fluid”, including the 
presence of a yield stress, and shear banding at low strain rates. It was proposed that, at 
low strain rates, boundary-lubricated friction between the unidirectional fibres, leads to 
the yield stress, since the combined static frictional resistance between all the fibres must 
be overcome before significant deformation can occur. As suggested by Barnes and 
Cogswell (1989), twisting and entanglement of fibres around each other, coupled with 
fibre inextensibility, results in them being forced together with small normal forces 
between them that facilitates friction. 
In this conceptual model of CF/PEEK, resistance to flow comes from the sum of 
fibre-fibre frictional resistance and viscous flow resistance of the polymer. The latter 
would be amplified due to the polymer being sheared in the small gaps between fibres, as 
described by shear cell models (Pipes et al., 1994). At low shear rates, the viscous flow 
resistance of the polymer will be low, and fibre friction will dominate the material 
response. On the other hand, at high shear rates, the polymer flow resistance will be much 
higher, and will eventually control the response. 
In this chapter, heterogeneous, FE, fibre/melt models at processing temperatures are 
employed, to explore these ideas further. The non-linear, implicit code Abaqus/Standard® 
(Dassault Systèmes Simulia Corp., 2011) is utilised, and the models incorporate the 
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material model for PEEK melt from Chapter 4. Fibre inextensibility allows the use of 
plane-strain, two-dimensional models, with only lateral flow resulting from global 
shearing or squeezing deformation (Ranganathan et al., 1995). As mentioned in Chapter 
2, the author is not aware of any FE studies of the frictional interaction between fibres in 
the presence of polymer melt. In this work, a novel method to incorporate fibre friction 
and flow of the melt in the same model is devised. Two model types are investigated. 
Firstly, two-fibre models, in which fibre friction is explicitly modelled, are used to 
investigate the combined effects of boundary-lubricated fibre friction and melt viscosity 
on the overall composite viscosity, during shear loading at variable rates. Secondly, 
representative-volume-element (RVE) models are employed to examine the effects of 
friction on deformation mechanisms in the melt. In the RVE models, the effect of fibre 
friction is included phenomenologically. The occurrence of shear banding is demonstrated 
at low strain rates. Detailed analysis of pressure and skin-friction drag forces, applied by 
the melt to the fibres, is used to understand the means by which it occurs, and how it leads 
to diminished values of measured viscosity. The range of shear strain rates applied in the 
rheological experiments in Chapter 3, together with higher shear strain rates, applicable to 
ATP consolidation, are explored. A desired outcome of this work is a description of 
CF/PEEK melt viscosity behaviour at processing temperatures, over a wider range of 
strain rates than can be measured experimentally. The results are intended to pave the way 
for an improved homogeneous CF/PEEK material model in Abaqus/Standard®, which can 
be employed in FE models of CF/PEEK squeeze-flow during ATP consolidation in 
Chapter 6.  
The chapter is organised as follows: Section 5.2 and Section 5.3 give details of the 
two-fibre model and the RVE model respectively. Section 5.4 presents results from the 
two-fibre model, which demonstrate the effects of fibre-fibre friction, and enable the 
calibration of a phenomenological model of friction in the larger RVE models. Section 
5.5 describes results from the RVE model. In Section 5.6, the main findings are discussed, 
and the key conclusions are presented. 
The key findings from Chapter 5 are included in a journal paper that has been 
published in Composite Structures, entitled Insights into complex rheological behaviour 
of carbon fibre/PEEK from a novel numerical methodology incorporating fibre friction 
and melt viscosity (Deignan et al., 2018). 
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5.2 Two-fibre model 
To investigate the interplay between boundary-lubricated, fibre friction and melt 
viscosity during shear loading at variable rates, models with two fibres immersed in 
PEEK melt were developed. The models, illustrated in Figure 5.1(a), were 
two-dimensional, plane-strain, and calibrated for 380°C. These are hereafter referred to as 
“two-fibre models”. The dimensions of the melt relative to the fibres corresponds to a 
volume fraction of 62%. Carbon fibres were modelled as separate parts with 5 µm 
diameter, and transversely-isotropic, linear-elastic material properties, shown in Table 
5.1. The PEEK melt model with a Parallel Rheological Framework (PRF), described in 
Chapter 4, was used. In simulations with this PEEK model, linear elements that employ a 
constant pressure shape function, exhibited non-physically-high and ‘noisy’ pressure 
values at low strain rates. For this reason, quadratic triangular (CPE6H) and quadrilateral 
(CPE8H) hybrid elements were used. These elements employ a linear pressure shape 
function, resulting in lower, less noisy, pressure values. A mesh seed size of 0.1 µm was 
employed, except in the small spaces between fibres where it was 0.01 µm - 0.02 µm. 
Quasi-static analysis using a *VISCO keyword was employed, which accounts for the 
time-dependency of the viscoelastic polymer melt flow. 
Periodic boundary conditions (PBCs) were applied via constraint equations on the 
North, South, East and West node sets (see Figure 5.1), in conjunction with the 1n , 2n , 
3n , 4n  control nodes, using an approach similar to Vaughan (2011). PBCs enable 
representation of the overall CF/PEEK material, albeit with an artificially regular fibre 
spacing and infinite extent. The lateral distance between fibres was set to 0.7 µm and 
prevented from changing by constraining the South boundary. 
Table 5.1 Transverse material parameters for carbon fibre (Vaughan and McCarthy, 
2011) 
Parameter Value 
Young’s modulus, E 28 GPa 
Poisson’s ratio,ν  0.3 




Figure 5.1 Two-fibre model, (a) initial configuration with boundary conditions, 
fibre reference nodes, lateral spacing ld  = 0.7 µm, fibre diameter fd  = 5 µm, initial 
vertical spacing, vd , slightly larger than contact clearance cld  = 0.1 µm, and load steps, 
(b) instant when fibres are vertically aligned.
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 Since fibres are continuous in CF/PEEK, with some degree of tow twisting and 
entanglement, they have a high rotational stiffness. Hence, fibre rotation was prevented 
via constraint equations. A model variant with no polymer melt was also used. The 
nominal thickness of the model (for calculating shear stresses) was set to 1 µm.  
Special consideration was given to how fibre-fibre interactions, fibre-melt 
interactions and melt flow could all be handled in the same Lagrangian model. Normally, 
in finite-element models, friction can only occur if surfaces come into contact, but for this 
to take place, the volume of the PEEK elements between the fibres would have to drop to 
zero, leading to numerical problems. The solution employed in this work, was to define a 
fibre-fibre, penalty contact interaction with a minimum fibre separation, via a contact 
clearance, cld , of 0.01 µm. Thus, fibre-fibre interaction occurred over regions of the fibre 
surfaces that came within 0.01 µm of each other. A second no-slip, no-separation, 
fibre-melt, penalty contact interaction was defined around the circumference of each fibre, 
allowing force transmission between fibres and melt. The fibre-fibre contact interaction 
ensured the physical gap between fibres never dropped below 0.01 µm, so there were no 
numerical problems due to melt element thickness reducing to zero. Thus fibre-fibre and 
fibre-melt interactions, together with melt flow could all be captured in the one model. 
The Coulomb friction model within Abaqus® was used with a simple rate-independent 
coefficient of friction, fµ . Concerning the choice of friction coefficient, as mentioned in 
Chapter 2, Roselman and Tabor (1976) measured a dry coefficient of friction of crossing 
carbon fibres with an applied normal force between them, reporting values that ranged 
from 7 for low normal loads of 0.1 µN to 0.05 for higher normal loads of 1 mN and 
above. Additionally, Servais et al. (1999) reported a dry coefficient of friction for glass 
fibres of 0.29 that reduced to 0.08 when lubricated in a polypropylene melt at 200°C. 
Since it is proposed here that fibres are boundary-lubricated by a thin layer of polymer 
melt, slightly lower values were investigated. In the present work, it was found that fixing 
fµ = 0.05, while varying the normal force, allowed the rheology data of Chapter 3 to be 
matched. Therefore, fµ  was chosen to be 0.05 in all the results presented below.  
To allow for the contact clearance, the “vertical gap” between fibres, which varies 
during the simulations, is defined here as: 
v phys cld d d= − 5.1 
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where physd  is the physical (shortest) distance between the fibre surfaces (which can vary 
with time). Thus, vd  is the distance the fibre parts are away from being in contact 
numerically (not the physical distance). 
5.2.1 Loading conditions 
Fibre 2 was placed just out of contact with Fibre 1 (i.e. vd  slightly larger than cld ), 
and slightly to the left of vertical alignment with Fibre 1, as shown in Figure 5.1(a). Two 
sequential loading steps were then applied. In Step 1, a normal force, NF , was applied to 
the Fibre 2 reference node in the negative y-direction, pushing it into numerical contact 
with Fibre 1, i.e. reducing vd  to zero. At this point, the model represented two fibres in 
frictional contact in the as-manufactured pre-preg material, with a normal force between 
them resulting from entanglement. In Step 2, NF  remained applied, and the Fibre 2 
reference node was given a prescribed horizontal displacement in the positive x-direction, 
at constant sliding velocity, sv , with its vertical movement left free. This caused Fibre 2 
to slide around Fibre 1 on a curvilinear path, deforming the polymer melt with it. A global 
shear strain rate for the model (as opposed to local rates existing in individual melt 






γ = 5.2 
where fh  is the vertical distance between the fibre centres at the instant when they are 
vertically aligned, as shown in Figure 5.1(b). At the same instant, the reaction force on 










where TwoFibreA  is the cross-sectional area of the two-fibre model, given by the product of 
the model thickness, 1.0 µm, and width, 5.7 µm. For various values of NF , a range of sv
values were simulated, corresponding to a range of shear rates from 0.001 s-1 to 1000 s-1. 
The vertical spacing between fibres, vd , was also recorded at the instant when the fibres 
were vertically aligned to check for signs of “lift-off”, i.e. increased fluid force at high 
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shear rates causing the fibres to be pushed apart, potentially leading to mixed, or 
hydrodynamically-lubricated friction, rather than boundary-lubricated friction. 
5.3 RVE model 
A more representative RVE model with 54 fibres was also developed, as shown in 
Figure 5.2. The 40 μm × 40 μm model was also two-dimensional, plane-strain, with 
periodic boundary conditions. The nearest-neighbour algorithm (NNA) of Vaughan and 
McCarthy (2010) was used. By using information on the distance of each fibre to its first 
and second nearest neighbouring fibre, this algorithm gives a realistic positioning of 
fibres in a high volume fraction composite. With some adaptation of the algorithm 
parameters, a ~60% volume fraction was obtained with a random distribution of fibre 
diameters around a mean of 5.2 µm, which is representative of Suprem™ CF/PEEK 
pre-preg tape. The resulting algorithm parameters are given in Table 5.2. In Figure 5.3(a), 
an NNA distribution obtained for a 100 μm × 100 μm  RVE is shown, and in Figure 
5.3(b), a 100 μm × 100 μm portion of a cross-section extracted from X-ray tomography 
data for Suprem™ CF/PEEK (Comer et al. (2015)) is displayed for comparison. It can be 
seen that both fibre distributions were qualitatively similar. 
Table 5.2 Modified NNA parameters for Suprem™ pre-preg tape 
Parameter Mean Variance 
Fibre diameter 5.200 μm 0.052 
First nearest neighbour distance 
between fibres 
5.606 μm 0.150 
Second nearest neighbour distance 
between fibres 
5.705 μm 0.152 
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Figure 5.2 Two-dimensional 40 μm × 40 μm RVE, showing nodesets for boundary 
conditions for simple shear test simulation, North, South, East and West fibre sets, and 
fibres which have springs attached to represent friction. 
(a) (b) 
Figure 5.3 (a) Fibre distribution generated by the adapted nearest neighbour algorithm 
(NNA), containing ~277 fibres, compared to (b) 2D transverse cross-section, containing 
~275 fibres, extracted from 3D X-ray tomography data of Suprem™ CF/PEEK (Xradia 
Versa XRM-500) from Comer et al. (2015), both with a sample area of 100 μm × 100 μm. 
Heterogeneous Multiscale Models of CF/PEEK at Processing Conditions 
5-9
The 40 μm × 40 μm RVE contains fibre pairs located at opposite boundaries, suitable 
for the application of PBCs (see coloured, boundary-fibre sets in Figure 5.2). The contact 
clearance between fibres was set to cld = 0.01 µm, as in the two-fibre model. The 
fibre-melt boundary contact was set to “no-slip”, via a tied contact condition on the 
fibre-melt contact interaction, and “no-separation”. This was utilised for the present work. 
Quadratic, triangular (CPE6H) hybrid elements were used for all simulations, as they 
provided the most stable simulation of hydrodynamic pressure in the polymer melt. An 
advancing-front mesh was employed, with a seed size of 0.08 µm, except between 
selected fibres, initially close together, that experienced a large separation during the 
simulation, where it was set to 0.04 µm. This resulted in a model with ~250,000 elements. 
PBCs constrained the East melt nodes to have the same displacement as the West melt 
nodes. Additional PBCs constrained the East fibres to have the same displacement as the 
West fibres, through constraint equations applied to their vertical centre-line nodes (as 
illustrated in Figure 5.2). Rotation of all fibres was prevented via further constraint 
equations applied to all the fibre vertical, centre-line nodes. To determine whether fibre 
positions and diameters determined by the nearest neighbour algorithm have an influence 
on the results, four additional nearest-neighbour algorithm configurations at low and high 
strain rates (0.01 s-1 and 1000 s-1) were examined. These configurations are detailed in 
Appendix H. 
5.3.1 Simple shear loading 
To simulate simple shear deformation with platens gripping all top and bottom fibres 
of the specimen, all South fibres were fixed, while a horizontal displacement ( )4xu n  was 
applied to control node 4n  at a constant rate, and North fibre displacements were set 
equal to the 4n  displacement. Thus, the North fibres moved as a rigid set, as should 
happen if the top surface is fully gripped. The displacement was applied in 20 increments. 






τ = 5.4 
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where ( )4xF n  is the reaction force at 4n , in the x-direction, and RVEA =  40 μm2 is the 
product of the nominal thickness (1 μm) and width (40 μm) of the RVE. The global 





γ = 5.5 
where L  is the height of the RVE (40 μm). The strain rate RVEγ  is then the applied RVEγ









Models were run for shear strain amplitude, RVEγ = 5%, corresponding to the rheometry 
measurements in Chapter 3, and strain rate, RVEγ  varying from 0.001 s
-1 to 1000 s-1. 
Simulation times ranged from one hour for RVEγ = 1000 s
-1, to ~90 hours for 
RVEγ  = 0.001 s
-1, on 96 2.5 GHz Intel Ivy Bridge cores. 
5.3.2 Inclusion of fibre-fibre Friction 
The incorporation of fibre friction effects into the RVE model, via the method used 
in the two-fibre model, proved not to be feasible. Friction can only operate between fibres 
in numerical contact (i.e. fibres within the contact clearance, cld , of each other). However, 
the degree of fibre contact in the RVE greatly under-represents the degree of contact in 
the three-dimensional material. Furthermore, in the real material, twisting and 
entanglement of fibres in the axial direction results in normal forces between fibres where 
they are in contact, which cannot be captured by a two-dimensional model. Due to these 
issues, the full effect of friction between fibres is not captured just by enabling fibre-fibre 
friction in the model.  
The solution devised to this problem, was to implement a phenomenological 
representation of the effects of friction, rather than an explicit model of friction itself. The 
idea is based on the concept of a “friction element” proposed by Boisly et al. (2014), and 
described in Chapter 2. The required element would produce a frictional force, opposite in 
sign to the displacement, and constant in magnitude regardless of the velocity of the 
contacting parts. Such an element is not readily available in Abaqus®. Therefore, 
frictional resistance to fibre motion was implemented phenomenologically via non-linear 
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“SPRING1” elements (Dassault Systèmes Simulia Corp., 2011), attached to the fibres, as 
illustrated schematically in Figure 5.4. The idea of employing a spring representation of 
fibre resistance to motion is not unique to this work. As described in Chapter 2, Gutowski 
(1985) employed a non-linear spring to represent resistance to motion of curved fibres in 
a polymer melt during consolidation. Non-linear springs have also been used to represent 
friction in other domains such as machine tool design (Sato and Tsutsumi, 2007).  
To represent resistance due to fibre-fibre friction, the springs were calibrated to 
produce virtually zero deflection for applied force below Nf Fµ , and constant resistance, 
s NfF Fµ= , for applied force above this value. Each fibre was attached to two springs, 
one acting in the x-degree of freedom, the other acting in the y-degree of freedom, 
enabling frictional resistance in all directions. The only exception was fibre pairs on the 
edge of the RVE, that participated in PBCs, for which only one of the fibres was attached 
to springs. Thus, only 44 of the 54 fibres were attached to springs, as indicated by the 
spring symbols in Figure 5.2. Prior to implementing this solution in the RVE model, two 
versions of the Two-Fibre model were created, without polymer, to test the concept. One 
had fibre-fibre friction turned on, while the other had friction turned off and a spring 
element attached to the reference node of Fibre 2 (Figure 5.1(a)). As will be shown in 
Section 5.4.2, the two models gave near identical results. 
Figure 5.4 Schematic of the non-linear spring used to represent fibre-fibre friction. 
The SPRING1 elements impart the appropriate resistance when the fibres move in 
such a way as to stretch the spring. The shear loading applied here is monotonic, so the 
springs will always be loaded in tension. 
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5.4 Two-fibre model results 
5.4.1 Effect of fibre-fibre friction and melt viscosity on composite viscosity at 
low applied pressure 
In this section, two-fibre model results are shown for one value of NF  (0.2 µN), 
which was calibrated to represent tests for which the pressure applied by the rheometer 
plates was low (104 kPa and below). This represents the normal force arising from 
twisting and entanglement, together with any additional normal force from applied 
pressure (which should be small at low pressure). 
Figure 5.5(a) shows results with no polymer melt in the model. The resistance force, 
xF , is independent of shear rate and equal to Nf Fµ  (0.05 × 0.2 µN = 0.01 µN). From 
equation 5.3, this behaviour corresponds to a viscosity that decreases with strain rate at a 
constant rate, i.e. power-law, shear-thinning behaviour, which is confirmed by the plot of 
TwoFibreη , in Figure 5.5(b). Shown also in Figure 5.5(b) is the experimental data at low 
pressure from Chapter 3, and data from Groves et al. (1992) and Stanley and Mallon 
(2006), for which the loading was close to simple shear. It can be seen that, with the 
chosen NF  value (and fµ = 0.05 to represent boundary-lubricated contact), the viscosity 
from this purely frictional process (i.e. with no polymer present), compares well with the 
experimental data for TwoFibreγ  between 0.001 s
-1 and 0.1 s-1. 
With both friction and polymer melt included, the values of xF , in Figure 5.5(a) and 
TwoFibreη , in Figure 5.5(b), are virtually identical to the friction-only case for strain rates up 
to about 0.01 s-1. Thus, at low strain rates, although polymer melt is present, fibres are 
still in boundary-lubricated contact, and fibre friction is providing almost all the 
resistance to displacement, with little resistance coming from shearing of the fluid. As the 
strain rate increases, xF  in Figure 5.5(a)) increases. By 0.1 s
-1, it has approximately 
doubled to 0.02 µN, and thereafter it settles into a near-linear rate of increase until 
~100 s-1, beyond which it starts to level off again. Correspondingly, TwoFibreη , in Figure 
5.5(b), exhibits approximately Newtonian behaviour between 0.1 s-1 and 100 s-1, and 
becomes shear-thinning thereafter. At high strain rates, the resistance force, xF , is over 
three orders of magnitude higher than the frictional resistance, indicating resistance from 
shearing of the fluid is now dominant (as seen in Figure 5.5(a)). 




Figure 5.5 Two-fibre model results, NF = 0.2 µN, fµ = 0.05, (a) resisting force, xF , 
with/without polymer, and (b) Transverse shear viscosity from model, experiments in 
Chapter 3 measured at 52 kPa applied pressure, and from the literature 
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At high strain rates, it might be expected that increased pressure in the PEEK melt 
could result in fibres initially in contact being pushed apart, eliminating frictional 
interaction, and resulting in mixed and/or hydrodynamic lubrication with reduced 
resistance force xF . To examine this, the vertical contact force on Fibre 2 from the melt, 
,y FMF , was obtained by summing the y-components of the fibre-melt contact forces, over 
the surface nodes of Fibre 2. This can be thought of as a “lift force” from the melt, 
attempting to lift Fibre 2 off Fibre 1. In addition, the vertical contact force on Fibre 2 from 
Fibre 1, ,y FFF , was obtained by summing the y-components of the fibre-fibre contact 
forces over the Fibre 2 surface nodes. The results are shown in Figure 5.6(a). Below 
100 s-1, ,y FMF  is very small and negative, indicating a small adhesion force drawing the 
fibres closer together. These values do not appear on the figure due to the log scale used. 
At ~100 s-1, ,y FMF  becomes positive and begins to rise to more substantial values, 
accompanied by a reduced value of ,y FFF . As a check on the validity of the results, it was 
confirmed that , ,y FM y FF NF F F+ =  (0.2 μN), at all data points. The numerical contact 
distance also starts to rise at 100 s-1, but only reaches ~0.00015 µm (0.15 nm) at 1000 s-1. 
Shear-thinning of the melt is expected to limit further increases in lift force above 
1000 s-1. The simulated rise would be slightly sensitive to details of the contact interaction 
but, by way of context, the surface roughness of a carbon fibre is in the range of 10-100 
nm (Baurova et al., 2015). Thus, while lift-off is predicted to occur above ~100 s-1, 
separation is expected to be small, and is unlikely to grow with increasing strain rate. 
In Figure 5.6(b), plots are shown of the total horizontal contact forces on Fibre 2, 
from the fibre-melt interaction, ,x FMF , and from the fibre-fibre interaction, ,x FFF . As a 
check, it was verified that , ,x FM x FF xF F F+ =  at all data points, i.e. the x-components of the 
contact forces from the two contact interactions add up to the total resistance to Fibre 2 
motion. Here, it is clearly seen that frictional resistance dominates below 0.1 s-1, while 
viscous resistance dominates thereafter. At 100 s-1, the frictional resistance starts to 
reduce, due to partial lift-off. But by this strain rate, the viscous resistance is nearly three 
orders of magnitude larger than the frictional resistance, so the loss in frictional resistance 
is immaterial to the overall response. In conclusion, minor lift-off is predicted at strain 
rates above 100 s-1, but makes negligible difference to the overall material response. 
 





















Figure 5.6 Two-fibre model results, NF = 0.2 μN, fµ = 0.05, (a) vertical contact 
forces on Fibre 2 from melt, ,y FMF  and from Fibre 1, ,y FFF , together with numerical 
contact distance between fibres, and (b) horizontal contact forces on Fibre 2 from melt, 
,x FMF  and from Fibre 1, ,x FFF . 
Overall, the two-fibre model shows that, as postulated in Chapter 3, the 
shear-thinning behaviour of CF/PEEK at low strain rates (not seen in neat PEEK melt) 
can be replicated by including boundary-lubricated friction in the model. A 
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boundary-lubricated coefficient of friction of fµ = 0.05, together with a normal force of 
0.2 μN between fibres in contact, provides an accurate match with experimental data at 
low applied pressure. 
5.4.2 Calibration of spring to represent friction in RVE model 
As outlined in Section 5.3.2, to represent friction phenomenologically in the RVE 
model, a non-linear spring was employed to resist fibre motion. The spring was calibrated 
using the two-fibre model. The process is illustrated in Figure 5.7(a), for one strain rate, 
0.001 s-1, with no polymer present. As can be seen, the spring parameters were tuned so 
that the spring force, sF  (green dashed line), rises quickly over a very small displacement 
(0.1 µm), and then plateaus at sF = 0.01 μN which is Nf Fµ . In one two-fibre model, Fibre 
2 was displaced by 5 µm around Fibre 1, with friction switched on, and the resisting 
force, “ xF  with friction”, was recorded continuously (blue line). In a second two-fibre 
model, the spring was attached to Fibre 2, and the simulation was repeated with friction 
switched off, giving “ xF  with spring (no friction)” (red line). In both models, some 
“noise” occurs as Fibre 2 slides on Fibre 1, due to numerical chatter in the contact 
interaction. However, the average resisting force is the same in both models. In Figure 
5.7(b), results from the above two-fibre models, with polymer included, are shown for a 
large range of strain rates. The viscosity from the “with spring, no friction” model 
matches that of the “with friction, no spring” over all strain rates. This substantiates the 
use of such spring elements, attached to fibres in the RVE model, to represent frictional 
interaction with other fibres in the model. 
 
 




Figure 5.7 Results from two-fibre models, one with friction enabled, and one with 
friction disabled but with a spring attached to Fibre 2, (a) resisting force, xF , with no 
polymer, for a 5 μm displacement around Fibre 1, at one strain rate, γ = 0.001 s-1, and (b) 
viscosity versus strain rate, with polymer. 
5.5 RVE model results 
In this section, RVE behaviour during the application of shear strain at RVEγ  from 
0.001 s-1 to 1000 s-1 is examined. To assist the discussion, five particular strain rates will 
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be referred to in the text: 1γ = 0.01 s
-1, 2γ = 0.5 s
-1, 3γ = 4 s
-1, 4γ = 100 s
-1 and 5γ =
1000 s-1.  
5.5.1 Viscosity and shear stress versus shear rate 
Figure 5.8(a) shows viscosity, RVEη , versus shear rate, RVEγ , overlaid with data from 
experiments from Chapter 3, in which a low pressure was applied to the sample by the 
rheometer plates (52 kPa), and data from Groves et al. (1992). Without springs 
representing friction, it can be seen that the model is incapable of reproducing the 
power-law, shear-thinning behaviour observed experimentally at low strain rates. Instead 
it predicts Newtonian behaviour, with viscosity up to 2.5 orders of magnitude below 
experimental values. With friction included, the model correctly predicts the 
shear-thinning behaviour. The results match the current experimental data, and the data 
from Groves et al. (1992) for strain rates up to about 2γ = 0.5 s
-1. Considering the 
complexity of the problem and the test procedure, and the simplifications in the model, 
the agreement is remarkably good. Results are significantly lower than data from 
experiments in Chapter 3, with high applied pressure (313 kPa). This is to be expected, 
since no external pressure was applied in the model. Fibre friction thus explains the yield 
stress behaviour of CF/PEEK at low strain rates. 
Above 3γ = 4 s
-1, the model exhibits viscous behaviour. The viscosity follows the 
shape of the neat PEEK curve, being approximately Newtonian from 3γ = 4 s
-1 to 4γ = 
100 s-1 and shear-thinning thereafter. However, the viscosity is an order of magnitude 
larger relative to PEEK, which can be partly attributed to the high shear rate of the PEEK 
melt between fibres. This is in line with calculations with the shear-cell model (Pipes et 
al., 1994) for Suprem™ CF/PEEK, as outlined in Appendix I. Another contributing factor 
is the presence of normal stresses in the melt between fibres, which are higher than the 
shear stresses by the Trouton ratio of 3.97, and which can be further magnified by 
external applied pressure. The error bars at 1γ = 0.01 s-1 and 5γ = 1000 s-1 show the 
variation ( ± one standard deviation of the logarithm of RVEη ) over five nearest-neighbour 
algorithm configurations, confirming relative insensitivity to fibre arrangement. The 
alternative configurations are illustrated in Appendix H. 




Figure 5.8  Behaviour of RVE with/without springs, (a) RVEη  versus strain rate at 
strain amplitude of 5%, compared to experimental data from Chapter 3, at applied 
pressures of 52 kPa and 313 kPa, and simulated results for neat PEEK. Error bars at 
strain rates of 0.01 s-1 and 1000 s-1 are for one standard deviation of the logarithm of 
RVEη , for five different RVE configurations. Also shown is calculated maxyη , the
viscosity in the yield stress regime when all fibres move, (b) RVEτ  versus strain rate at 
strain amplitude of 5%. Also shown is the calculated 
maxy
τ , the yield stress when all 
fibres move and dashed line illustrating ideal Newtonian behaviour. 
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The shear stress, RVEτ , plotted in Figure 5.8(b), exhibits trends in line with the above 
observations on viscosity. The variation in RVEτ  is relatively small up to 2γ = 0.5 s-1, 
indicating shear-thinning behaviour. It then ramps up and is approximately linear with 
strain rate between 3γ = 4 s-1 and 4γ = 100 s-1, indicating a Newtonian response. Above 
4γ = 100 s-1, it starts to level out, illustrated by the small deviation from linearity above 
4γ , indicating a return to shear-thinning behaviour. 
5.5.2 RVE shear deformation, shear banding and friction contribution to 
material response 
Next, RVE shear deformation is examined. As described in Chapter 2, Møller et al. 
(2008), have shown that glassy materials that exhibit a yield stress, display strain 
localisation and shear banding under a shear load. To characterise the degree of 
shear-banding, they plotted an experimentally determined “fraction of sheared material” 
versus strain rate. Shear banding is also observed in the RVE model, in the inset of Figure 
5.9 at 1γ = 0.01 s
-1. Analogous to the work of Møller et al. (2008), Figure 5.9 shows the 
“fraction of fibres that move”, movef  versus RVEγ  (pink triangles). The “fibres that move” 
are a subset of the 44 fibres with springs attached representing friction (Figure 5.2), for 
which the force in the x-spring reached sF = 0.01 µN (see Figure 5.7(a)). In other words, 
they are the fibres that have overcome static-frictional resistance in the x-direction and 
started to “slide”. They are shown crosshatched in the insets, which illustrate the 
deformation for 1γ , 2γ  and 5γ . The insets show clearly that shear banding occurs in the 
RVE at low strain rates. For example, at 1γ = 0.01 s
-1 only a few fibres at the top move, 
while the material below this layer does not flow, and instead acts like a solid. In contrast, 
at high strain rates, e.g. 5γ = 1000 s
-1, all fibres move, and the material flows everywhere. 
Quantitatively, for strain rates below 1γ = 0.01 s
-1, movef ≤ 0.25. An S-shaped transition 
then occurs to movef = 1 at 4γ = 100 s
-1 and above. 
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The stress, RVEτ , arises from resistance provided by fibre friction and polymer 
deformation. The portion caused by fibre-frictional resistance, fricτ , was calculated in a 







τ = ∑  5.7 
where 
ix
f  is the force in the x-spring connected to fibre i. This stress is plotted in Figure 
5.8(b) (grey circles). Additionally, the ratio RVEf fricR τ τ= , a measure of the extent to 
which the material response is dominated by friction, is plotted in Figure 5.9 (blue 
squares). It is seen that at strain rates up to 2γ = 0.5 s-1, 1fR ≅ , indicating that virtually 
all the resistance is supplied by fibre friction, with the melt contribution apparently being 
negligible (see also Figure 5.8(b), where RVE fricτ τ≅ ). In this regime, the material is 
behaving as a “yield-stress” material, and RVEτ  is the yield stress in shear, yτ . An 
important point to note is that in this strain rate regime, yτ  increases with strain rate – see 
Figure 5.8(b). It does so because, as the strain rate increases, the melt becomes 
progressively stiffer and hence more capable of transferring load between fibres. 
Consequently, more fibres at the top of the RVE are forced into motion - see the Figure 
5.9 insets at 1γ  and 2γ  - leading to increased frictional resistance. For example, at 2γ = 
0.5 s-1, it is seen that movef ≅ 0.63, compared to just 0.25 at 1γ = 0.01 s-1. Thus, even 
though fR ≅ 1 up to 2γ = 0.5 s
-1, and the melt appears to contribute negligibly to the 
externally measured stress, it is in fact significantly influencing the response by enabling 
more and more fibres at the top of the RVE to engage in frictional resistance as the strain 
rate increases. In essence, due to shear-banding, the material has a strain-rate dependent 
yield stress in shear, yτ , in the yield-stress strain rate regime. This behaviour has also 
been observed in Møller et al. (2009), who report a stress increase with shear rate in a 
simple yield-stress fluid (Carbopol gel). It should be pointed out that the motion of 2-3 
layers of fibres in an RVE that has ~8 layers of fibres is about seven times more 
significant than in an actual CF/PEEK pre-preg tape that has ~28 layers of fibres. 
Therefore, this rate-dependence of yτ  is more pronounced in the RVE results than it 
would be in the real tape. 
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From Figure 5.8(b), at 2γ = 0.5 s-1, fricτ  starts to level off. Although not clear on the 
log scale shown, it does not fully level off until 4γ = 100 s-1. Figure 5.9 shows why fricτ
levels off in this way – it is because the rate of increase in movef  with strain rate starts to 
decrease. In particular, by 2 s-1, 42 of the 44 fibres with springs (i.e. 95.5%) are in motion. 
Relatively large increases in strain rate are required to get the final two fibres to move. 
These are Fibre 5, which moves at 10 s-1, and Fibre 16, which moves at 4γ = 100 s-1 (see 
inset at 5γ =  1000 s
-1 for fibre numbering). These two fibres are in the bottom row of 
non-fixed fibres (just above the fixed row at the bottom), and of the fibres in that row, 
they are the ones most wedged in by fibres to their right. Shear banding is thus fully 
eliminated at 4γ = 100 s-1, with the RVE deforming more or less ideally in shear. Note 
again that no external pressure is applied in the model, so these findings on shear banding 
are most relevant to the low-pressure experimental case (52 kPa) from Chapter 3. 
Referring again to RVEτ  in Figure 5.8(b) and fR  in Figure 5.9, once the frictional 
resistance levels off, the material transitions to viscous behaviour. By 4γ = 100 s-1 the 
transition is essentially complete, fR ≅ 0.025, and the frictional contribution to resistance 
is negligible. 
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5.5.3 Load transfer from melt to fibre in the RVE 
In this section, the mechanisms by which load is transferred within the melt to move 
fibres are examined. Borrowing from the field of aerodynamics, the pressure drag and 
skin-friction drag on each fibre was calculated. Pressure drag, resulting from a pressure 
gradient in the surrounding melt, is found by considering the x-components of the contact 
normal forces, xN , on the fibre edge nodes coming from the fibre-melt contact interaction 
(CFN1 in Abaqus®). With no external pressure applied, pressure in the melt arises from 
the normal deviatoric melt stresses, or “extra stresses”. As mentioned in Chapter 4, these 
are the stresses associated with fluid deformation or flow. Skin-friction drag arises from 
shear deformation of the melt at the fibre edge, caused by the no-slip boundary condition 
between fibre and melt. It is obtained from the x-components of the contact shear forces, 
xS , on the fibre edge nodes (CFS1 in Abaqus
®). Figure 5.10 is focused on Fibre 39 which 
is at about the vertical midpoint of the RVE (see Figure 5.9), and shows rrσ , the radial 
stress in the melt with reference to a local coordinate system at the fibre centre, and rθτ  in 
the same coordinate system. The plot of rrσ  is almost exactly the inverse of a plot of 
pressure (since rrσ , θθσ  and zzσ  are all similar in value), but its effect is more intuitive to 
visualise since positive rrσ  (negative pressure) indicates an area where the melt is in 
tension and pulling on the fibre. Shown also are vectors representing xN  and xS , together 
with the resultant pressure drag force p xD N= ∑ , and resultant skin-friction drag force 
s xD S= ∑ . Figure 5.11 gives the corresponding information for Fibre 16 (the last fibre to 
move). The strain rate in both figures is 4γ = 100 s
-1, the lowest strain rate at which all 
fibres are in motion. Note that the resultant force in the y-direction and resultant couple 
are small and not shown. 
Examining both Figure 5.10 and Figure 5.11, it can be seen that high normal stresses 
(both tensile and compressive) are induced in the melt in the small spaces between fibres, 
more than an order of magnitude higher than the global stress, RVEτ , which is ≅ 5·10
5 Pa 
at 4γ = 100 s
-1 (see Figure 5.8(b)). As an aside, the model assumes the melt adhesion to 
the fibres can sustain high tensile stresses without “failing”, but clearly large tensile 
stresses at the fibre/melt interface could lead to the formation of new (i.e. not 
pre-existing) voids in the material.  
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Regarding Fibre 39 in Figure 5.10, the most prominent aspect of the pressure drag 
force ( xN ) distribution is the region of large positive values at the space between fibres 
39 and 40. Essentially, Fibre 40, which is moving to the right, is “dragging” Fibre 39 after 
it, with the load being transferred between the two fibres via large tensile stresses (i.e. 
negative pressure) in the melt. The very small space between these two fibres leads to a 
large amplification of the stresses in the melt, and the drag forces on the fibre. Acting 
against this movement are xN  forces, arising from compression of the melt between 
Fibres 39 and 27, and from tension in the melt between Fibres 39 and 26. Overall though, 
the net pressure-drag force pD = 0.53 µN is positive (i.e. to the right). The shear stress 
values, rθτ , are considerably smaller than the rrσ  values, and consequently the 
skin-friction drag forces, xS , are also smaller in magnitude than the xN  forces. The net 
skin-friction drag force, sD = -0.52 µN, is negative (to the left) primarily due to the region 
at the bottom of the fibre, where shear stresses opposing Fibre 39 motion arise in the melt, 
as Fibre 39 slides across Fibres 26 and 27. The total drag force on the fibre, p sD D D= + = 
(0.53 – 0.52) µN, i.e. D = 0.01 µN, as it has to be when the fibre is moving, since the 
spring representing friction provides a constant resisting force sF = 0.01 µN (see Figure 
5.7(a)). 
Turning to Fibre 16 in Figure 5.11, a region of positive xN  values exists between 
Fibres 16 and 7, due to tensile stresses in the melt as Fibre 7 pulls Fibre 16 in its direction 
of motion. This is resisted by xN  forces arising from compression of the melt between 
Fibres 16 and 29, and tension in the melt between Fibres 16 and 28. Overall, the net 
pressure drag, pD = -0.75 µN, is negative. This time, it is the skin-friction drag forces that 
tip the scale in favour of movement to the right, and sD = 0.76 µN is positive, primarily 
due to the movement of the fibre above (Fibre 38), which generates shear stresses in the 
melt that drag Fibre 16 along. Once again, the total drag force D = 0.01 µN, since Fibre 
16 is in motion. It is apparent in Figure 5.10 and Figure 5.11 that although pD  and sD  are 
of similar magnitudes, the individual skin-friction drag vectors are generally smaller than 
individual pressure drag vectors. This is in keeping with the fact that the shear stresses in 
the melt are generally lower than the normal stresses by a factor equal to the Trouton 
ratio. 
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The variation of drag forces on these two fibres with strain rate is shown in Figure 
5.12. At low strain rates the drag forces are small, and the total drag force D varies with 
strain rate and is less than the value required to overcome fibre “friction” (i.e. sD F< ). 
Fibre 39 starts to move at 2γ = 0.5 s
-1, and thereafter D is constant ( sD F= ). For Fibre 16, 
the last fibre to move, the total drag force D does not reach sF  until 4γ = 100 s
-1. However, 
from 3γ = 4 s
-1 onwards, the difference between D and sF  is extremely small, and given 
that sF  is an approximate number representing fibre sliding, one can say that 
shear-banding is predicted to be essentially eliminated by 3γ = 4 s
-1. 
Once fibres move, the pressure and skin friction drag forces, pD  and sD , are always 
of opposite sign. Some fibres, coloured red in the Figure 5.12 inset, are moved primarily 
by skin-friction drag (i.e. sD  is positive), and others, coloured green, are primarily pushed 
or pulled by pressure-drag forces (i.e. pD  is positive). Which mechanism dominates for a 
given fibre, depends on the positions of the surrounding fibres. The magnitude of each 
mechanism is considered next. 
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5.5.4 Factors determining the magnitude of the drag force 
In this section, two factors which it was felt might influence the magnitude of drag 
forces on each fibre are investigated: These are: vertical distance from the bottom of the 
RVE and distance to nearest fibre. The magnitude of the logarithm of drag force on each 
fibre was correlated to these factors, at two strain rates: 1 s-1, which is in the yield-stress 
regime, but for which ~90% of the fibres have been forced into motion, and 100 s-1, 
which is in the viscous regime, for which all fibres are in motion. An example of such a 
correlation, for distance to nearest fibre, at RVEγ  of 100 s
-1, is shown in Figure 5.13 (all 
four correlation graphs are shown in Appendix J). 
 
 
Figure 5.13 Drag force versus distance to nearest fibre at RVEγ  of 100 s
-1 and 5% 
strain. Colour-coding shows signs of pressure and skin-friction drag for all fibres in the 
RVE. A selection of interesting fibres are identified by number. Also shown is sF , the 
spring force that the total drag force must exceed for fibre displacement to occur. 
 
A linear regression analysis was employed to determine the slope of the logarithm of 
drag force versus each factor. The co-efficient of determination, r2, gives the strength of 
the linear relationship, while the p-value indicates the statistical significance of the result 
(a p-value > 0.01 or 0.05, is considered to be not statistically significant). Table 5.3 shows 
a summary of the results. 
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Table 5.3 Drag force magnitude correlation 
Strain 
Rate 
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The p-values indicate that only two correlations are significant. At RVEγ = 1 s-1, the 
logarithm of the drag force increases linearly with distance from the bottom of the RVE. 
The r2 value though, is only ~20%, indicating that other significant factors are 
contributing as well. This correlation is consistent with the occurrence of shear banding, 
with fibres moving first at the top of the RVE, where the drag forces are highest, and 
fibres such as Fibre 5 and Fibre 16, near the bottom of the RVE, moving last. 
The second significant correlation indicates that, at RVEγ = 100 s-1, the logarithm of 
drag force decreases with distance to nearest fibre, as shown in Table 5.3. The r2 value for 
this correlation is higher at ~40%. The drag force on a fibre is thus higher when there is a 
nearby fibre which is very close, due to the high stresses which exist in small gaps 
between fibres. At this higher strain rate, the correlation of drag force with vertical 
distance in the RVE, has disappeared. This makes sense, since at this strain rate, shear-
banding is eliminated, and the RVE shear strain is relatively uniform from the bottom to 
the top of the RVE (see Section 5.5.2).  
5.5.5 Relationship between melt pressure and shear banding 
An interesting correlation between melt pressure and shear banding arises as follows. 
The average value of the required pressure differential across a fibre to overcome fibre 
friction resistance sF , can be approximately calculated as the frictional sliding force 
divided by the projected area of an average fibre, i.e.  






∆ =   5.8 
With an average fibre diameter, avgd = 5.2 µm, an RVE nominal thickness of 1 µm and 
sF  = 0.01 µN, this gives reqP∆ = 1.92 kPa. To generate this pressure differential, pressure 
values in the melt must be greater than reqP∆ . Such a calculation, of course, ignores the 
complex shear and normal stress interactions in Section 5.5.2. Figure 5.14 shows the 
mean of the logarithm of positive (red) and negative (blue) pressure in the melt, with bars 
indicating ± three standard deviations, within which, 99.7 % of pressure data lies. These 
are plotted as a function of strain rate, with a green line representing reqP∆ . At low strain 
rate, 1γ = 0.01 s-1, the inset illustrates that melt pressure in the vast majority of the RVE is 
negative. Over this large region of negative pressure, the mean pressure is ~2 kPa, and the 
range of pressures, 3 3rangeP P Pσ σ
− − −
+ −= − , is relatively small at ~8 kPa. A large positive 
pressure range 3 3rangeP P Pσ σ
+ + +
+ −= − , of ~200 kPa exists, but is localised only in a small area 
of the melt. Thus, in much of the melt, reqP P< ∆ , and the small range implies that the 
likelihood of the pressure changing by reqP∆  across a single fibre is low. Thus, it is 
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At 2γ = 0.5 s-1, rangeP−  has increased ten-fold to ~80 kPa, while rangeP+  is still ~200 kPa, 
but exists over a larger area of the melt. This means the likelihood of the pressure 
differential across any given fibre exceeding reqP∆  is higher. This is borne out by the 
figure of movef ≅ 0.63 from Figure 5.9. However, there are still large areas of the melt 
where reqP P< ∆ . In such areas, developing a pressure differential of reqP∆  across a fibre 
is unlikely, so some fibres do not move. At 3γ = 4 s-1, the positive and negative pressure 
ranges are both ~700 kPa, which is much higher than at 2γ =  0.5 s-1. In addition, 
reqP P> ∆  in the vast majority of the melt. The much larger range of pressures will in 
general lead to much larger pressure gradients. Furthermore, with most of the melt now at 
a pressure above reqP∆  the likelihood of a pressure gradient of reqP∆ existing across all 
fibres is very high. This concurs with Figure 5.9 which shows a value of movef = 0.955. 
Finally, at 4γ = 100 s-1, reqP P> ∆  everywhere and the pressure range is even larger. Now 
pressure gradients are large everywhere, so all fibres should move, which agrees with 
Figure 5.9 where movef = 1. 
In summary, a higher strain rate leads to higher pressures, and a larger range of 
pressures, resulting in larger pressure gradients, and hence increased likelihood that all 
fibres will move. An approximate, empirical criterion for the elimination of shear-banding 
appears to be 
min req
P P∆> , where 
min
P is the lowest (i.e. 3σ− value) pressure in the melt. 
5.5.6 Homogenised viscosity, 
maxy
η , in yield stress regime 
The occurrence of shear banding in a material test is undesirable, since the full 
material thickness is not tested. As seen above, shear banding can be eliminated if melt 
pressure is sufficiently high for the approximate criterion 
min req
P P∆>  to be met. This 
criterion is met at strain rates above (approximately) 3γ = 4 s-1. This melt pressure results 
from high, deviatoric stresses (extensional and compressive) in the melt and is expected 
to be relatively constant across the material and independent of sample width. Another 
way to increase the pressure in the melt is to apply external pressure on the sample. 
According to Figure 5.14, the average pressure in the melt at 3γ = 4 s-1, where the 




P P∆> is approximately met, is ~30 kPa. This provides a very approximate 
prediction for the external pressure required to eliminate shear banding at low strain rates. 
However, externally applied pressure takes on high values at the sample centre, that 
decrease to low values at the sample edge (Ranganathan et al., 1995). Consequently, 
pressure higher than 30 kPa, may be necessary to ensure the pressure gradient exceeds 
reqP∆  all the way to the sample edge. The experimental tests in Chapter 3 showed that 
CF/PEEK transverse-shear viscosity was about one order of magnitude higher at 
pressures above 156 kPa than it was at pressures below 104 kPa. It was postulated that the 
change in viscosity between 104 and 156 kPa was due to the behaviour transitioning from 
a shear-banded to a non-shear-banded response. Thus, the ~30 kPa prediction is of a 
similar order of magnitude to, but, as expected, slightly lower than, the external pressure 
where the aforementioned change in viscosity occurred, lending credence to the postulate 
that the viscosity change is due to the elimination of shear banding.  
The findings from the model thus reinforce the conclusion in Chapter 3, that the 
experiments at external pressures below ~104 kPa are not valid material tests, since shear 
banding is occurring. Only tests for which the external pressure was sufficient to 
eliminate shear banding are valid. In such tests, once the yield stress in shear is exceeded, 
all fibres move, and the corresponding viscosity can be considered the “homogenised 
material” viscosity. In Chapter 3, this is called 
maxy
η  - the viscosity at a given strain rate, if 
sufficient pressure is applied such that all fibres move. It is not possible to study external 
pressure in our RVE model, due to the PBCs applied. A model of the full width and 
thickness of the tape would be required, which was not feasible with available computing 
resources. However, 
maxy
η can be deduced from the model results as follows. As seen in 
Figure 5.9, movef = 0.955 at 3γ = 4 s-1, meaning shear banding is effectively eliminated. 
The corresponding RVEτ  is the stress the RVE has to be capable of sustaining, in order to 
overcome the frictional resistance of all fibres. It is the yield stress when all fibres move, 
or the yield stress corresponding to 
maxy
η . This is denoted 
maxy
τ , and it is seen that 
( )
max 3y y
γτ τ=  , with a value of ~29 kPa. It can be noted from Figure 5.8(b) and Figure 5.9 
that the melt is contributing a large part of RVEτ  at 3γ = 4 s-1. It has to be capable of 
contributing this level of resistance in order to transfer the applied load all the way to the 
last fibre to move. The high deviatoric extensional and compressive stresses in the melt at 
this strain rate result in the high melt pressure and enable the transfer of more load. At 
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lower strain rates, it would still have to be capable of contributing this level of stress in 
order to move all fibres. To make this possible, external pressure would have to be 
applied, to bring the melt pressure, comprising extensional and compressive stress 
components, up to the value needed to transfer the load to the last fibre. This effect of 
applied pressure on normal stress components was illustrated in Chapter 4, Section 4.6. 
Thus, to move all fibres at strain rates below 3γ = 4 s-1, a shear stress of maxyτ  must be 
sustained by the material. This is illustrated by the light purple dashed line in Figure 
5.8(b). Corresponding to this shear stress, which is constant with strain rate, is a linearly 
varying viscosity, which is 
maxy
η , as shown by the light purple dashed line in Figure 
5.8(a). It is noted that the 
maxy
η  line is in remarkably good agreement with the 
experimental data from Chapter 3, for which the external pressure was high (313 kPa). 
5.6 Discussion and conclusions 
In Chapter 3, it was concluded from a rheological characterisation that CF/PEEK is a 
yield-stress material, exhibiting a viscosity that is shear-thinning and increases with 
measurement time. The yield stress results from frictional interactions between aligned 
fibres, which are held together in boundary-lubricated frictional contact by internal 
normal forces. In this chapter, a finite-element modelling approach was developed and 
calibrated to the rheological results from Chapter 3. A two-fibre model and an RVE were 
employed. The RVE incorporated frictional resistance between fibres using a non-linear 
spring. The results allowed viscosity behaviour to be examined over a wider strain rate 
range than experimentally possible, encompassing yield-stress behaviour at low strain 
rates and transitioning to viscous behaviour at higher strain rates.  
5.6.1 Validation of hypotheses from experimental findings. 
The work in this chapter supports many of the key hypotheses developed from the 
experimental findings in Chapter 3. It confirms that fibre-fibre friction determines the 
material response at low strain rates, resulting in a viscosity that is shear thinning. At 
these strain rates, shear banding at low applied pressure is confirmed. At higher strain 
rates, viscous stresses in the melt are dominant, giving rise to a complex interplay of 
skin-friction and pressure-drag forces, which between them, bring all fibres into motion. 
Similarly, it is deduced that at low strain rates, external pressure, from a rheometry plate 
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or an ATP roller, raises pressure-drag forces to such an extent that all fibres are brought 
into motion, explaining experimental findings at high pressure. 
5.6.2 Foundation for a homogeneous CF/PEEK model for ATP modelling 
One purpose of this work was to characterise CF/PEEK behaviour to enable 
development of better ATP processing models for use in Chapter 6. ATP processing 
involves squeeze flow of pre-preg tape, during which the transverse shear deformation 
studied here takes place, coupled with compression and extension. Due to the scale of the 
ATP problem, a heterogeneous material description of CF/PEEK, such as employed in 
this chapter, would not be computationally feasible, even in two dimensions. Therefore, a 
homogeneous material model in Abaqus® that embodies some of the key features of 
CF/PEEK behaviour is sought. Based on the present work, several key features to be 
incorporated in the design of this material model were identified. These are: 
1. According to Lipscomb and Denn (1984), continuity of velocity during squeeze flow 
requires that the yield stress be exceeded everywhere so that all the material flows. 
Hence, for ATP processing of CF/PEEK, all fibres in the material must displace. 
Hence. at strain rates below ~4 s-1 in the yield-stress region, the relevant viscosity 
must be 
maxy
η , shown in Figure 5.8(a)).  
2. At strain rates above ~4 s-1, CF/PEEK behaviour will be viscous and shear-thinning, 
with a viscosity roughly an order of magnitude higher than PEEK, shown in Figure 
5.8(a).  
3. Finally, once all fibres are involved in the deformation, no further increase in shear 
viscosity with strain magnitude is anticipated. Therefore, shear viscosity is expected 
to be constant at any given strain rate.  
This overall material description forms the basis for development of a continuum 
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Chapter 6 
A Finite-Element Model of Isothermal 
ATP Squeezing of CF/PEEK 
 
6.1 Introduction 
In this chapter, a finite-element (FE) investigation of isothermal squeeze flow of 
CF/PEEK pre-preg tape in an ATP system at 380°C, is presented. The pre-preg tape is 
squeezed between a roller and a flat surface representing the previously laid plies or, in 
the case of the first ply, a flat table. Both a stiff metal roller and a conformable silicone 
roller are considered. For the full tape, it is not feasible to model the fibres as separate 
entities, so a homogenised material model, with a Bingham-style behaviour is employed. 
As in Chapter 5, and previous analytical models (Ranganathan et al., 1995), fibre 
inextensibility is assumed, which allows the use of plane-strain, two-dimensional models.  
The chapter is organised as follows. In Section 6.2, a homogenised material model to 
represent the yield-stress, rate-dependent, viscoplastic behaviour of CF/PEEK, observed 
in Chapter 5, is developed. In Section 6.3, a finite-element model of CF/PEEK pre-preg 
tape is described. Section 6.4 reports on the response of the model to ideal squeezing, 
which gives insight into the effects of having a yield-stress in the material model and the 
influence of slip and no-slip boundary conditions. Section 6.5 presents results from 
models of CF/PEEK squeezing in the UL ATP system, under both stiff metal and 
conformable silicone rollers. The main findings are discussed in Section 6.6, and 
conclusions are presented in Section 6.7. 
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6.2 A constitutive model for CF/PEEK melt at 380°C in 
Abaqus®/Standard  
In this section, a material model for CF/PEEK melt at 380°C in Abaqus®/Standard, is 
described. It is based on a generalised Maxwell model, implemented within the Parallel 
Rheological Framework (PRF) that was previously used for the PEEK model in Chapter 
4, and again involves use of the *VISCO keyword to model quasi-static, time-dependent 
behaviour. As in the PEEK model, the hyper-viscoelastic part of the model imparts 
Newtonian and shear-thinning behaviour, with linear viscoelastic behaviour in the 
Newtonian regime implemented through a power-law, strain-hardening model. An 
additional feature of the PRF approach was included to reproduce the yield stress of 
CF/PEEK, and its associated shear-thinning behaviour below a strain rate of 4 s-1. This 
involved the addition of an equilibrium branch, in addition to the viscoelastic branches, 
consisting of a hyperelastic spring only, with a stiffness ratio, 0s , in the range 00 1s  . 
This results in a rate-independent shear modulus, 0G , with value 0 0 ABG s G , being 
assigned to the equilibrium branch to represent the yield stress, where ABG  is the 
hyperelastic shear modulus. With this addition, the model also exhibits rate-independent 
stresses in compression and extension. However, in this form, the yield-stress values 
incorrectly increase with increasing strain. To properly reproduce the yield stress, the 
equilibrium branch was augmented by isotropic, perfect plasticity (Dassault Systèmes 
Simulia Corp., 2011a), with a von Mises yield-stress, y  , at a plastic strain of almost 
zero. The von Mises stress,   , is a function of the deviatoric stress components, and is 
independent of hydrostatic stress. A general form of    is given as (Jong and Springer, 
2009, Dassault Systèmes Simulia Corp., 2011b): 
        
1
2 2 2 2 2 2 2
1 2 2 3 3 1 12 23 31
1 6
2
                       6.1 
where 1 , 2  and 3  are the normal stresses, and 12 , 23 , 31  are the shear stresses. 
When    exceeds y   at any location, perfectly-plastic yielding occurs, so stress remains 
constant with increasing strain. Plastic behaviour is imparted to the equilibrium branch 
only, while the viscous branches are unaffected. 
6.2.1 Model parameters  
Although CF/PEEK is composed of compressible carbon fibres immersed in an 
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incompressible polymer melt, the composite melt is usually approximated as a fully 
incompressible material (Ranganathan et al., 1995). Initially, a hyperelastic, PRF model 
with four viscoelastic branches, in line with the PEEK melt model in Chapter 4, combined 
with the equilibrium branch described above, was developed. It closely matched RVE 
behaviour from Chapter 5, being shear-thinning at high strain rates and linearly 
viscoplastic at low strain rates. This model is briefly outlined in Appendix K. 
Unfortunately, it was not sufficiently robust to model squeeze flow (i.e. it led to 
insurmountable numerical problems at quite modest levels of squeezing). Consequently, a 
more robust PRF model was devised consisting of the equilibrium branch, together with a 
single viscoelastic branch, as illustrated in the schematic in Figure 6.1. This led to a 
Bingham-type material behaviour, as described in Section 2.6.2.1, with a yield stress at 
low strain rates and Newtonian behaviour at high strain rates. Bingham material models 
have previously been employed to describe a randomly-oriented strand (ROS) CF/PEEK 
material (Picher-Martel et al., 2016). Parameter values are given in Table 6.1. Several of 
these parameters have already been defined in Chapter 4.  
 
Table 6.1 Single-viscoelastic-branch PRF model parameters for CF/PEEK at 380°C. 
Arruda Boyce strain energy potential  Viscoelastic branch 
Parameter Value  Parameter   Value  
AB  3.5·10
9 Pa  
1s   0.997503 
Modulus Instantaneous  
1A   7.5·10
-5 Pa-1s-1 
m  20.0  1G  3.4965·10
9 Pa 





9 Pa    
von Mises yield-stress, y   50
 kPa  
1m   0.0 
Plastic strain 0.0  
1P
n  1.0 
The parameter ABG  is calculated from AB  with equation 4.24, and represents the instantaneous 
shear relaxation modulus,  0rG , given by equation 2.9 at time t = 0.  rG t  relaxes to a final 
hyperelastic state, with a long-term shear modulus 0G G   8.75·10
6 Pa. 0G  and 1G  are 
calculated using equation 4.27, while 1  is determined by the method outlined in Section 4.5.5. 
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Model performance was examined via plane-strain, quasi-static loading of a single, 
square, linear, hybrid element, of type CPE4H, with length el   1 m, as per Section 4.5. 
A question of interest was whether this homogeneous material model exhibits shear 
banding at low strain rates like that shown by the heterogeneous RVE in Chapter 5. To 
investigate this, an additional test in shear was carried out on a plane-strain model, with 
similar dimensions (40 µm × 40 µm) to the RVE of Chapter 5. This model utilised 
quadratic, quadrilateral (CPE8H), hybrid elements with a mesh seed size of 0.5 m. 
 
 
Figure 6.1 CF/PEEK PRF model schematic (adapted from Dassault Systèmes 
Simulia Corp. (2011a)). 
6.2.2 Variation with strain rate 
The viscosity from single-element tests is shown as a function of engineering shear 
strain rate in Figure 6.2(a). Shear viscosity is shown for strain amplitudes of 5%, 10% and 
100%, along with viscosity in extension and compression. Included for comparison is the 
RVE response from Chapter 5. In addition, in the yield-stress regime (below 4 s-1), 
maxy
 is 
shown, which is the homogenised viscosity at which all fibres displace, as determined in 
Chapter 5. In Figure 6.2(b), the corresponding shear stresses are shown.  
Examining the shear response at 5% strain, and low strain rates, the viscosity in 
Figure 6.2(a) matches 
maxy
  as desired, and at high strain rates, it qualitatively follows the 
RVE viscosity. Recall from Chapter 5 that at low strain rates, RVE viscosity values result 
from shear banding in which only a few fibres at the top move, whereas 
maxy
  correctly 
represents the viscosity for which all fibres move. Similar conclusions can be made 
concerning the shear stress in Figure 6.2(b).  


















Figure 6.2 Single-element response as a function of strain rate, of homogenised 
CF/PEEK melt model, (a) shear viscosity at strain amplitude of 5%, 10% and 100%, and 
extension and compression viscosity at strain amplitude of 5%, (b) stress (absolute value) 
under shear, extension and compression, at strain amplitude of 5%. Included for 
comparison are 
maxy
 , RVE , maxy  and RVE  from the RVE model in Chapter 5, together 
with shear viscosity at 380°C of the PEEK melt model from Chapter 4. 
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The chosen value of von Mises yield stress, 50 kPay   , leads to a yield stress in 
shear, 29 kPay  , which matches maxy , the yield stress at which all fibres were 
displaced in the RVE. However, the Newtonian region extends significantly further than 
in the RVE model, which is a simplification chosen to ensure robust modelling of squeeze 
flow. The combination of yield stress at low strain rates and Newtonian behaviour at high 
strain rates is characteristic of Bingham-type models. In the present model though, at very 
high strain rates, shear-thinning occurs, and furthermore, the response varies with the 
strain amplitude (as was seen for the PEEK model in Chapter 4), giving higher viscosity 
values at higher strain amplitudes. This latter behaviour is undesirable but is a result of 
the compromises that had to be made to produce a robust model. 
In the Newtonian regime, comparing the shear stress with the extension and 
compression stress in Figure 6.2(b), a Trouton ratio RT  of ~3.7 is observed, which is close 
to the expected value of four. On the other hand, in the yield-stress regime, the yield 
stress in compression is y  58 kPa, compared to y  29 kPa. Thus, the von Mises yield 
stress criterion generates a Trouton ratio, RT , of ~2.0 in the yield-stress regime. The 
author is not aware of any data in the literature to indicate whether this behaviour is valid 
or not. 
For the 40 µm × 40 µm homogeneous model, shear viscosity was identical to that of 
the single element model. Its shear deformation was examined for the presence of shear 
banding. For comparison, the heterogeneous RVE from Chapter 5 is shown in Figure 
6.3(a), which shows shear banding occurring at low strain rates (0.01 s-1), as evidenced by 
only a subset of the fibres at the top moving. Deformation of the homogeneous model at 
the same shear rate, Figure 6.3(b), exhibits no evidence of shear-banding. This makes 
sense, because the homogeneous model has been calibrated to have a viscosity of 
maxy
  at 
low strain rates, which reflects the situation when the applied pressure is sufficient to 
ensure all fibres are displaced. In contrast, it will be shown later that this material model 
can exhibit a form of shear-banding in a complex squeeze flow model. 
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                      (a) (b)    
Figure 6.3 Deformation of 40  40 m model at 5% strain amplitude and strain 
rate of 0.01 s-1, illustrating (a) heterogeneous RVE from Chapter 5 with PEEK melt 
model and fibres, with cross-hatching to indicate fibres that moved, and (b) 
homogeneous CF/PEEK melt model. 
6.2.3 Variation with strain amplitude 
The shear viscosity as a function of strain up to 300%, is given in Figure 6.4, at a 
strain rate of 0.01 s-1, which is in the plastic, yield-stress regime. The right-hand axis 
shows shear stress. In Chapter 5, it was postulated that in this regime, once all fibres 
displace, the viscosity and stress will most likely be constant with increasing strain. It can 
be seen that the model produces that behaviour. As shown in the inset, a finite initial 
slope is exhibited, which is determined by 0G . The value of 0G  was chosen to be 
sufficiently large to give yielding at a very small shear strain (~0.4%), but not so large as 
to cause an excessive number of iterations in the calculation. Yielding is followed by a 
region of perfect plasticity, up to 300%. Additionally, the model predicts C  and E  to 
be constant with increasing true strain, in line with perfect plasticity. 
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Figure 6.4 Single-element response as a function of strain, for homogenised 
CF/PEEK melt model, at a strain rate of 0.01 s-1. Viscosity is shown on left axis, and 
stress on right axis. Shear viscosity,  , is shown versus engineering strain, and 
compression and extension viscosities, C  and E , are shown versus true strain. 
Included for comparison is 
maxy
  from Chapter 5. Inset shows initial slope of   curve. 
6.2.4 Creep response 
Modelling of creep is important for squeeze flow under a conformable roller. Here, it 
was investigated by applying a near-instantaneous stress to the single element, in shear, 
extension and compression. Results confirmed that creep did not occur below the yield 
stress in each deformation mode. Hence, a step input of 1 kPa above the yield stress was 
applied. The resulting strain is plotted versus time in Figure 6.5. As in Chapter 4, 
engineering strain is shown for shear, while true strain is shown for extension and 
compression. As can be seen, once the yield stress is exceeded, strain increases linearly 
with time in all three loading modes, i.e. the material “flows”. 
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Figure 6.5 Creep strain versus time for homogenised CF/PEEK melt model, under a step 
input in applied stress of 30 kPa in shear, and 59 kPa in extension and compression, (i.e. 
~1 kPa above the yield stress in each case).  
6.2.5 Pressure response 
In this section, the effect of externally applied pressure on the stresses in the 
homogenised CF/PEEK melt model is investigated. The objective is to verify that, as 
shown in Chapter 4, equation 4.4, applied hydrostatic pressure, hydP , subtracts from 
deviatoric normal stresses, reducing total normal stresses, while shear stresses are 
unaffected. To examine the effect of hydP , the single element tests of Section 6.2.2 were 
repeated at applied pressure values of 1 kPa and 100 kPa, in a similar approach to that of 
Chapter 4, Section 4.6. The resulting total stresses in all three loading modes are plotted 
in Figure 6.6. As described in Chapter 4, hydrostatic pressure was implemented via a 
uniformly-distributed surface load applied to the element edges, as illustrated in the insets 
of Figure 6.6. 
As described in Section 6.2.2, for deformation at low strain rates at a pressure of 
0 kPa, shear stress,  , is positive and assumes the value of yield stress in shear, 
y   29 kPa, while the stresses in compression and extension assume the value of the 
yield stress in compression, y   58 kPa, with C  being negative, and E  being positive. 
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At higher strain rates, above ~4 s-1, the magnitude of these stresses increases due to 
Newtonian behaviour of the model, and eventually levels out above ~104 s-1. These 
stresses correspond to the deviatoric stresses of the model. 
 
 
Figure 6.6 Effect of applied pressure on total stress in shear, compression and 
extension deformation modes, for pressures of 0 kPa, 1 kPa and 100 kPa, as a function of 
engineering strain rate, at strain amplitude of 5%, for the CF/PEEK melt model. Insets 
show the two-dimensional, plane-strain, single-element test in (a) shear, (b) compression 
and (c) extension deformation modes (plane strain in the z-direction) with applied hydP . 
 
Now, it is observed in Figure 6.6 that for hydP = 1 kPa, the total stresses are essentially 
identical to the stress values at hydP = 0 kPa. This makes sense as the applied pressure is 
much lower than the yield stress values and will not form a significant portion of the total 
stress. However, with hydP = 100 kPa, which is higher than the yield stress, at strain rates 
of less than ~5 s-1, values of C  in the compression test, and values of E  in the extension 
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test are both negative and approximately constant, with values close to minus hydP , while 
shear stress,  , in the shear test is unaffected. This tallies with the large components of 
pressure subtracting from the small deviatoric normal stresses to give total normal 
stresses of the order of hydP , i.e. the behaviour of equation 4.4.  
Above ~5 s-1, the magnitude of the deviatoric normal stresses increases above hydP , 
dominating the total normal stresses. Now, C  increases with a negative sign, indicating 
compression, while E  changes sign and increases with a positive sign, as appropriate for 
tensile stress. All of this confirms that when pressure is applied to the CF/PEEK melt 
model, the resulting behaviour obeys equations 4.3 and 4.4. 
6.2.6 Summary of behaviour of CF/PEEK homogenised material model 
A non-linear, viscoplastic, PRF material model has been developed to represent 
CF/PEEK melt at 380°C. Apart from some unavoidable inaccuracies at high strain rates, 
the model provides a reasonable reproduction of RVE behaviour in Chapter 5 and proves 
to be sufficiently robust to study squeeze flow in the remainder of this chapter. 
6.3 CF/PEEK pre-preg model  
In this section, a model of CF/PEEK pre-preg tape at 380°C and atmospheric 
pressure, incorporating the homogenised model from the previous section, is developed 
for the study of squeezing flow. 
6.3.1 Model details 
A two-dimensional, plane-strain model of CF/PEEK pre-preg tape was constructed, 
as shown in Figure 6.7. The thickness was 140 m, while the width, tapew , was variable. 
To reduce the problem size, only half of the tape width was modelled, with symmetric 
boundary conditions applied to the west boundary representing the tape centre. Quadratic, 
quadrilateral (CPE8H), hybrid elements were employed, since they provided a stable 
simulation of hydrodynamic pressure, and deform more freely than linear elements in 
squeeze flow. A mesh seed size of 15 m in the y-direction was chosen, except at the east 
edge, where it decreased to 1 m. Mesh seed size in the z-direction was smallest at the 
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north and south edges (1.0 m), 2.0 m at the mid-line, and 4.0 m midway between the 
mid-line and the north and south edges. The fine mesh at the north and south edges is 
required for the large shear deformations that occur with no-slip boundary conditions. A 
fine mesh is also needed at the mid-line, where extrusion causes substantial stretching of 
the east edge. 
 
 
Figure 6.7 (a) Schematic of 12-mm wide tape squeezing between two platens, and (b) 
plane-strain model of half of a 12-mm wide tape, with insets showing mesh at east and west 
boundaries. Axes are located at the origin (y = 0 and z = 0). 
 
The tape was squeezed between two stiff platens ( E  = 200 GPa and   = 0.28), 20% 
wider than the tape, with a reference node at the west edge. The platens were modelled 
with linear, quadrilateral (CPE4) elements and mesh seeding in the y-direction was 
chosen to match that of the tape in the y-direction, so that corresponding nodes line up at 
the contact interface. A seed size of 1 m in the y-direction was employed for the portion 
to the right of the east edge of the tape.  
Direct contact interactions were defined between the platens and the north, south and 
east edges of the tape. Interaction with the east edge occurs when the tape deforms. 
Concerning the contact interactions: 
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(i) Normal viscous damping was employed to reduce chattering with the east edge 
and improve deformed tape shape. Low damping values were chosen so that the 
overall stress response at high strain rates was unaffected. 
(ii) Contact stabilisation was utilised to improve convergence.  
(iii) No-slip boundary conditions were implemented via a “rough” tangential contact 
interaction. Partial-slip conditions were also examined by replacing this with a 
Coulomb friction interaction, with a coefficient of friction, f . 
(iv) With no-slip boundary conditions, as squeeze flow progresses, portions of the east 
edge come into contact with the platens. No-slip conditions were applied at those 
contact regions, except in a few cases for which squeeze-flow was primarily 
extensional and intermittent contact caused numerical problems. In these cases, 
the no-slip condition was omitted. 
(v) No-separation contact was employed to prevent elements of the east edge from 
separating from the platen, once they had made contact. Without this, 
non-physical separation and voiding occurred in regions of tensile stress. 
The lower platen was completely fixed, while the upper platen was constrained to 
move in the negative z-direction. Tape squeezing was implemented by applying either a 
displacement or a force to the top platen in the negative z-direction, with all platen nodes 








   6.2 
where  sqd t  is the platen displacement and tapeh  is the tape thickness. This measure 
gives almost identical results to other commonly used measures of squeezing strain, e.g. 
equations 2.33 and 2.34 in Chapter 2. Squeezing strain rate, sq , was defined as sq  
divided by the simulation time, t .  
In the next three sections, the methodologies used for three types of tape squeezing 
are described. The first is squeezing at a constant rate, for general examination of rate-
dependent effects, the second represents squeezing in an ATP system under a metal roller, 
and the third models squeezing under a deformable silicone roller. 
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6.3.2 Squeezing at constant rate 
To examine constant-rate squeezing, a displacement, µ1 msqd  , was applied in ten 
equal increments, resulting in a final squeezing strain, sq , of ~0.7%. Rate dependence 
was examined by varying the end time of the simulation. Tape widths of 4 mm, 12 mm 
and 24 mm were examined, with squeezing rates ranging from 10-3 s-1 to 103 s-1. No-slip 
and partial-slip boundary conditions were modelled. 
6.3.3 Squeezing under a stiff metal roller 
Squeezing under a stiff metal roller was examined via the approach of Ranganathan 
et al. (1995), in which the roller is assumed to be rigid, so that its shape becomes 
imprinted onto the pre-preg tape, as illustrated in Figure 6.8. To mimic this with the 
model in Figure 6.7, the upper platen was displaced in increments that vary in size, in 
accordance with what would happen under the stiff metal roller. As illustrated in Figure 
6.8, a roller of radius, Rr , is assumed to advance from right to left at velocity, Rv , over a 
contact distance, cl , during a contact time, ct . As this happens, the tape is squeezed to a 
maximum depth, finalsqd . Applying Pythagoras’s theorem leads to (Ranganathan et al., 
1995): 
2 2( )finalc R R sql r r d    6.3 







The squeezing displacement, as a function of time or distance along the contact length, is 
calculated using the equation of a circle, as: 
 22( ) ( )finalsq sq R c Rd t d r l l t r     6.5 
Squeezing under the stiff metal roller can be mimicked with the model in Figure 6.7, 
by discretising ct  and cl into equal increments, and setting the plane-strain model
thickness to the contact length increment, ∆l , for computation of normal and shear 
stresses. Settings for modelling the UL ATP system are given in Table 6.2. 
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Figure 6.8 Schematic of roller displacement profile in pre-preg tape, with inset showing 
detail under the roller (adapted from Ranganathan et al. (1995)). 
 
Table 6.2 Model settings for a 5-m squeezing under a 40-mm radius metal roller 
Model Parameter Value  Model Parameter Value 
Roller Velocity, Rv  6 m.min
-1  Contact distance, cl  0.63243 mm 
Roller Radius, Rr  40 mm  Temporal discretisation 125 steps 
Displacement, finalsqd  5 m  Contact length increment, l  0.00506 mm 
 
6.3.4 Squeezing under a conformable silicone roller 
Unlike a metal roller, a conformable silicone roller deforms under an applied force, 
as illustrated in Figure 6.9. This has the effect of reducing squeezing pressure while 
prolonging squeezing time. Applied pressure under the conformable roller of the UL 
system has not been determined. However, a contact length, cl , of ~16 mm was reported 
by Comer et al. (2015). The UL system corresponds closely to the system reported by 
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Stokes-Griffin et al. (2013), and Stokes-Griffin and Compston (2015). For a laydown rate 
of Rv  = 6 m.min
-1, they reported a squeezing time of ~0.28 s after the nip point, a contact 
length cl  = 28 mm, and peak squeezing pressures of 180 kPa to 500 kPa.  
To model squeezing under a silicone roller, a pressure was applied instead of a 
displacement. This was achieved by applying a force to a reference point on the upper 
platen in Figure 6.7, with all of the platen nodes constrained to have the same 
displacement. Pressure was ramped up over a short time (0.1 s) to a value that remained 
constant over the remaining contact time, ct , which is given by equation 6.4. This mimics 
a pressure distribution under the roller that is constant in the x-direction, as per Grouve et 
al. (2013), except for the initial ramp-up portion when the roller moves onto the tape. In 
reality, contact length varies with applied pressure, but, for simplicity, a fixed contact 
length, cl = 25 mm was assumed. For each step, the roller was assumed to move a 
distance l  over the tape in the x-direction. Hence, the plane-strain model thickness was 




Figure 6.9 Schematic of deformed conformable silicone roller under an applied roller 
force, RF , illustrating the extended contact region, cl . 
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6.4 Results from squeezing at constant rate 
In this section, results from squeezing of the tape at constant rate are presented. To 
assist in the analysis, at each time step, the pressure distribution, ( , )p y t , across the tape 
width (i.e. the pressure applied by the platens on the tape) was calculated by dividing the 
contact normal force, N , at each node of the top platen, by the elemental area around 
each node, i.e. the product of half the distance between the adjacent nodes (left and right), 
multiplied by the plane-strain thickness (1 m). Additionally, the shear stress distribution, 
 cont ,y t , along the top surface of the tape was calculated by dividing the contact shear 
force, S , at each node of the top platen, by the elemental area around each node. Finally, 
the average applied pressure over the whole tape, ( )avgP t , was found by adding up all the 
nodal contact normal forces and dividing by the whole tape area ( tapew  1 m). 
6.4.1 Pressure to initiate squeezing 
Results show that a minimum average pressure, _avg sqP , is required to initiate 
squeezing (i.e. flow). Figure 6.10 gives sample pressure-displacement data for a 4-mm 
wide tape, at sq  1 s
-1, with no-slip boundary conditions. The average pressure, ( )avgP t , 
increases to ~4 MPa in the first displacement step, before squeezing commences. After 
that, only a minor increase occurs. As illustrated in Figure 6.10, the minimum pressure to 
cause squeezing (which is referred to as the “squeezing pressure” from now on), _avg sqP , is 
determined by extrapolating a best-fit line from the pressure-displacement data back to 
the pressure axis. The inset shows the pressure distribution across the tape width, ( , )p y t , 
together with the average pressure, ( )avgP t , at one particular time (when  sqd t  = 
0.5 m). It is observed that pressure is maximum at the tape centre (the west edge in the 
model) and reduces towards the tape edge (the east edge in the model). A similar result 
was found by Ranganathan et al. (1995). The small pressure spike apparent at the tape 
edge, at 2 mm distance from the centre, is an artefact resulting from the large deformation 
and rotation that occurs in the element at this location. 
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Figure 6.10 Average applied pressure, ( )avgP t , versus squeezing depth,  sqd t , for a 
4-mm wide tape model with squeezing rate, sq = 1 s
-1 and no-slip boundary conditions, 
showing calculation of squeezing pressure, _avg sqP . Inset shows the pressure distribution, 
( , )p y t , across the tape at  sqd t  = 0.5 m, together with average pressure, ( )avgP t . 
6.4.2 No-slip boundary conditions 
6.4.2.1 Variation of pressure and shear stress distribution across the tape with 
squeezing rate and tape width 
In this section, the distribution of pressure and shear stress across the tape width, with 
no-slip boundary conditions, is examined. Figure 6.11(a) and Figure 6.11(b) show the 
pressure distribution, ( , )p y t , and contact shear stress distribution,  cont ,y t , 
respectively, at the top platen, versus distance from the tape centre (west edge), for two 
squeezing rates of 0.001 s-1 and 10 s-1, and three tape widths of 4 mm, 12 mm and 24 mm. 
As observed in the previous section, pressure is maximum at the tape centre in all 
cases, decreasing to zero at the tape edge, which corresponds to atmospheric pressure. 
Pressure values increase with tape width and squeezing rate. For example, for a 12-mm 
wide tape, maximum pressure increases from ~3 MPa at 0.001 s-1, to ~500 MPa at 10 s-1. 
Additionally, at 10 s-1, maximum pressure increases from ~55 MPa for a 4-mm wide tape, 
to ~2 GPa for a 24-mm wide tape. 




Figure 6.11 (a) Pressure distribution, ( , )p y t , and (b) contact shear stress 
distribution,  cont ,y t , versus distance across tape from the tape centre, at 
 sqd t  =  0.5 m, with no-slip conditions at the platen interfaces, for three tape widths 
and two squeezing rates. 
Concerning contact shear stresses, at low strain rate (0.001 s-1),  cont ,y t  is fairly 
constant all the way to the tape edge, with values very close to 
maxy
 (~29 kPa), 
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suggesting that shear rates are below 4 s-1 and in the yield-stress regime. At higher 
squeezing rates,  cont ,y t  increases from tape centre to tape edge. Interestingly, for both 
squeezing rates, with the exception of points at the extreme tape edge (where, as noted 
above artefacts occur due to the extreme element deformations), the  cont ,y t  curves for 
the three different tape widths almost exactly overlap. 
6.4.2.2 Ratio of stresses with the no-slip boundary condition 
For each tape width and squeezing rate, pressure,  ,p y t  is greater than contact 
shear stress,  cont ,y t , at the centre of the tape ( 0y  ), but the difference between them 
reduces with increasing y. At a point near the tape edge,    cont, ,p y t y t , and beyond 
that  ,p y t  is less than  cont ,y t  as  ,p y t  decreases to zero at the very edge. This is 
illustrated more clearly in Figure 6.12, where the ratio of  cont ,y t  to  ,p y t , given the 
symbol  ,pR y t , is plotted versus distance from the tape centre for the 12-mm wide 
tape. At the tape centre, high values of ( , )p y t  and low values of  cont ,y t , result in 
small values of  ,pR y t , well below the coefficient of friction, f , of 0.1, proposed by 
Adams et al. (1997) in Section 2.7.1. This confirms that a no-slip boundary condition is 
appropriate in this region. Near the tape edge, decreasing values of ( , )p y t , and 
increasing values of  cont ,y t  cause  ,pR y t  to increase dramatically, exceeding 0.1 
at y   5.34 mm and becoming equal to a value of 1.0 at y   5.9 mm, i.e. almost at the 
tape edge. There are two interesting conclusions from this result: 
1. No-slip boundary conditions result in    cont, ,p y t y t  near the tape edge, i.e. 
 ,pR y t  = 1.0 at a point roughly 0.1 mm from the tape edge, regardless of 
squeezing rate. This is observed to be a characteristic of squeezing with no-slip 
conditions. Consequently, factors that lead to higher shear stress at the tape edge, 
e.g. higher squeezing rates or increased tape width, also result in higher 
squeezing pressure. 
2. No-slip boundary conditions in the region near the tape edge, where  ,pR y t  
exceeds 0.1, are not appropriate, and it is likely that slip actually occurs. The 
implications of this are explored further in Section 6.4.3. 
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Figure 6.12 Stress ratio,  ,pR y t , with dashed line illustrating f = 0.1, versus 
distance from the tape centre with no-slip conditions at top-platen interface, at two 
different values of sq , for a 12-mm wide tape model. 
6.4.2.3 Squeezing pressure variation with squeezing rate and tape width 
Figure 6.13 shows the variation of _avg sqP  (the minimum average pressure required to 
initiate squeezing) with squeezing rate, sq , for three tape widths and no-slip boundary 
conditions. It can be seen that _avg sqP  increases with tape width. Furthermore, at low 
squeezing rates, _avg sqP  is low and relatively rate-independent, suggesting the material is 
responding in its yield-stress regime, but at higher squeezing rates _avg sqP  becomes larger 
and proportional to squeezing rate, indicating a transition to a viscous response. The 
rate-independent response lasts until higher strain rates for narrower tapes, and the 
transition to viscous behaviour is also delayed to higher strain rates.  
At low squeezing rates, the rate-independent value of _avg sqP  is considered to 
represent the yield stress in compression of the tape, 
tapey
 . This is the minimum stress 
that must be applied to initiate compression, and its presence was observed 
experimentally in Section 3.6.1 (Finding 4). Figure 6.13 shows that the value of 
tapey
  
increases with tape width. For example, 
tapey
  has a value of 1.28 MPa for tapew  = 12 mm, 
increasing to 2.57 MPa for tapew  = 24 mm.  
A Finite-Element Model of Isothermal ATP Squeezing of CF/PEEK  
6-22 
 
Figure 6.13 Variation of squeezing pressure, _avg sqP , versus squeezing rate, sq , for 
models with no-slip boundary conditions at three different tape widths. 
 
6.4.2.4 Flow deformation 
Figure 6.14(a) and Figure 6.14(b) show the deformation and von Mises stress,   , 
for a 12-mm wide tape after 1 m of squeezing, at squeezing rates of 0.01 s-1 and 1 s-1 
respectively, while Figure 6.14(c) shows the tape pressure at 1 s-1. For reference, at 
sq  = 0.01 s
-1 the required squeezing pressure is _avg sqP    2 MPa (Figure 6.13). From 
Figure 6.14(a),    is relatively constant (~50 kPa) everywhere. Recalling that the von 
Mises yield-stress in the material model is y  = 50 kPa (Table 6.1), we see that the tape is 
responding as a yield-stress material and flows only when the von Mises yield stress is 
exceeded everywhere. This agrees with the observation of Lipscomb and Denn (1984), 
that there is no unyielded material in squeeze flow. There are small regions at the top and 
bottom of the west edge, and at the mid-line of the east edge, where    is below 50 kPa. 
However, this is only because a perfect yield-stress behaviour (enforcing no deformation 
whatsoever until y   is exceeded) is not possible to implement numerically. A perfect 
yield-stress material would follow the pink, dashed line in Figure 6.10, having an infinite 
slope at zero displacement, but the actual modelled material follows the blue line, with an 
initial high, but finite slope. The material in these small regions has flowed, but    is less 
than 50 kPa due to this limitation of the model. 
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Another interesting observation is that material at the free (east) edge deforms 
extensionally, with only a narrow band of shear deformation occurring near the upper and 
lower platens. The tape edge remains largely straight and vertical. This type of flow 
differs from the parabolic flow described by Ranganathan et al. (1995), and is referred to 
as “plug flow” in the literature. The model is able to capture this, due to the inclusion of 
yield-stress behaviour at low strain rates. 
In Figure 6.14(b) sq  = 1 s
-1, for which (Figure 6.13) _avg sqP  340 MPa. At this 
squeezing rate,    is low along the tape mid-line, rising slightly from tape centre to tape 
edge. This small value of    along the tape mid-line results from extensional stress 
components. In contrast, at the platen interfaces,    increases dramatically from low 
values at the tape centre to large values at the tape edge. This increase is attributed to 
shear rates that are well above ~4 s-1, causing a viscous response that results in shear 
stresses substantially higher than 
maxy
 , as illustrated previously in Figure 6.11(b). Finally, 
at this squeezing rate, material extrusion at the tape edge exhibits the parabolic shape 
previously described by Ranganathan et al. (1995), which is indicative of viscous 
materials. 
Figure 6.14(c) illustrates the pressure distribution across the tape at sq  = 1 s
-1. At 
this squeezing rate, pressure varies from high values of ~5.5107 Pa (55 MPa) at the tape 
centre, to zero at the tape edge. This is in agreement with the pressure distributions 
plotted in Figure 6.11(a) at sq  = 10 s
-1. No pressure variation in the z-direction is 
observed.  
6.4.2.5 Plug versus shearing flow 
In this section, the relationship between type of flow (plug or parabolic) and 
squeezing rate is investigated. Figure 6.15 shows the flow deformation at the tape edge, 
for squeezing rates from 0.001 s-1 to 10 s-1. As can be seen, at low squeezing rates, plug 
flow occurs. As the squeezing rate increases, the shearing portion of the flow extends 
deeper and deeper into the material, until at sq  = 10 s
-1, all the material is deformed in 
shear, and we have parabolic extrusion, which is sometimes referred to as “shearing 
flow”. Also shown is the pressure distribution, ( , )p y t , across the tape width. For plug 
flow, the distribution is close to linear, while for shearing flow it is parabolic. 
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Figure 6.15 Squeeze flow at the edge of a 12-mm wide tape with no-slip boundary 
conditions for squeezing rates of (a) 0.001 s-1, (b) 0.01 s-1, (c) 0.1 s-1, (d) 1 s-1 and (e) 
10 s-1. Regions of shearing flow are indicated. Also shown is the variation of the 
pressure distribution, ( , )p y t ,  across the tape at three squeezing rates. Insets show 
extruded tape makes contact with the platens at 0.1 s-1 but does not make contact at 
0.01 s-1. 
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6.4.2.6 Discussion of Flow kinematics 
To assist with understanding the observed behaviour in the preceding sections, Figure 
6.16 illustrates schematically the squeezing of narrow and wide tapes. As illustrated, 
squeezing imposes compression of the tape, which leads to extension/extrusion. Due to 
material incompressibility, the extruded material volume equals the compressed volume. 
The combination of extension/extrusion together with the no-slip boundary condition 
causes shear strain at the interfaces with the platens.  
(a) Narrow tape (b) Wide Tape
Figure 6.16 Schematic of squeezing of (a) a narrow and (b) a wide tape, illustrating the 
larger amount of material extruded and the higher shear strain at the edge of the wider tape.  
The magnitude of the shear strain at the tape edge is determined by the geometry of 
the system. Since more material is extruded at the edge of wider tapes, the shear strain at 
the edge is larger for wide tapes than for narrow tapes. In addition, for a given initial tape 
thickness, ih , and squeezing depth, sqd , shear strain at the platen interfaces increases with 
distance from the tape centre, regardless of the total tape width. This means that, for a 
given squeezing rate, shear strain and strain rate at any given distance from the tape 
centre, are independent of tape width, i.e. the shear strain and strain rate at a distance A 
from the tape centre, which on the edge of the narrow tape in Figure 6.16(a) is the same 
as the shear strain and strain rate at the same distance A from the tape centre in Figure 
6.16(b), but is in the interior of the wide tape. This explains why in Figure 6.11(b), curves 
of shear stress versus distance from the tape centre for three different values of tapew
almost exactly overlap, at each squeezing rate. 
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Figure 6.15 also indicates that the maximum shear strain, and hence shear strain rate, 
occurs at the top (and bottom) right of the tape. Clearly, the maximum shear strain rate is 
higher in a wide tape than in a narrow tape, for a given squeezing rate. This explains why, 
in Figure 6.13, the wide tape transitions from yield-stress behaviour to viscous behaviour 
at lower squeezing rates than the narrow tape. 
Another question of interest is why plug flow is obtained at low squeezing rates and 
shearing flow occurs at high squeezing rates. Well, at the lowest squeezing rate 
sq  = 0.001 s
-1, rates of shear at the platen interfaces are significantly less than 4 s-1 all the 
way across the tape. Hence, the material behaves as a yield-stress material, and the shear 
stress never rises above 
maxy
  ~29 kPa, even at the tape edge. Consequently, the material 
is very easy to shear, and shear stresses cannot be transferred very far from the platen into 
the material, in the z-direction. This allows extension to occur without any shearing over 
the middle section of the tape thickness. 
However, as squeezing rates increase to values in the range of 0.01 s-1 to 1 s-1, shear 
rates at the tape edge increase above ~4 s-1, causing shear stress to increase above 
maxy
 . 
The material in this region is now “stiffer in shear” and consequently capable of 
transferring shear stress deeper into the material (in the z-direction). Furthermore, the 
shear stress now rises with squeezing rate, as the material transitions towards viscous 
behaviour, and consequently, a rate-dependent depth of shear banding results, as was 
illustrated in Figure 6.15. 
It is interesting to observe that a form of shear banding arises here, even though the 
model is homogeneous. Previously, shear banding was observed in Chapter 5, near the 
top of the heterogeneous CF/PEEK RVE. In that case (illustrated schematically again in 
Figure 6.17(a)), the model was deformed in shear, and at low strain rates, the behaviour 
was dominated by rate-independent fibre friction. A yield-stress behaviour arose naturally 
from this, and the low-viscosity polymer (at low strain rates) was unable to transfer shear 
stresses very far into the material, resulting in shear-banding. In the current homogeneous 
model, the frictional (yield-stress) behaviour at low strain rates is built into the material 
model, and a similar effect occurs (Figure 6.17(b), which is a schematic version of Figure 
6.15(a)). Even though the external loading is squeezing rather than shearing here, the 
reason for the shear banding is basically the same. This shows that shear banding is a 
consequence of the inclusion of yield-stress behaviour. Unlike shear deformation shown 
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in Section 6.2.2, shear banding for this complex flow can be captured by homogeneous 
models, just as well as for heterogeneous models (although the heterogeneous models 
help to calibrate the homogeneous models). 
Figure 6.17 Schematic of (a) Shear banding at low shear rate observed in Chapter 5, 
and (b) Inverted shear banding in a portion of tape that occurs as a result of squeeze flow 
at low squeezing rate 
A final observation, illustrated in the insets of Figure 6.15(b) and 6.14(c), is that at 
strain rates of 0.1 s-1 and higher, some of the extruded material makes contact with the 
platens. Consequently, it comes under the influence of the no-slip boundary condition, 
which causes it to also deform in shear and roll over. Similar behaviour was reported by 
Debbaut (2001), as mentioned in Chapter 2, Section 2.7.1, and it causes a small increase 
in squeezed tape width. For example, for a 12-mm wide tape with a squeezing depth 
of 1 m, an increase of ~10 m per side was observed. In comparison, for a 24-mm wide 
tape, due to the larger volume of material extruded, an increase in width of ~40 m per 
side was observed for the same depth of squeezing, giving a final tape width of 24.08 
mm.
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6.4.2.7 Validation of CF/PEEK homogenised model 
In this sub-section, the validity of the CF/PEEK homogenised model is further 
examined. Firstly, in Section 3.6.1, the yield stress in compression, 
tapey
 , of a 4-mm wide 
tape was calculated from experiments to be ~225 kPa. Roughening of the rheometer 
plates was employed to promote the no-slip condition in that work. In Figure 6.13, for a 
similar width tape, 
tapey
  is estimated from the homogenised model to be ~425 kPa. 
Hence, the model result is of the same order of magnitude as the experimental result. 
Secondly, as mentioned in Section 6.4.2.5, the modelled pressure distribution across a 
12-mm wide tape in the yield-stress regime is linear, as illustrated in Figure 6.15. A 
similar result was obtained for a 4-mm wide tape, as illustrated in Figure 6.18. The 
pressure gradient is calculated to be -0.417 kPa/m in the y-direction. Across a fibre of 5 
m diameter, this pressure gradient would correspond to a pressure differential of ~2 kPa, 
which is almost exactly the reqP  (1.92 kPa) necessary to displace a fibre against 
frictional resistance, calculated in Section 5.5.5. These two comparisons both help to 




Figure 6.18 Pressure distribution, ( , )p y t , across the 4-mm wide tape model at sqd  of 
0.5 m, together with calculated average pressure, ( )avgP t . Inset shows modelled tape 
pressure (with lengths in the y- and z-directions scaled in a ratio of 1:3). 
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6.4.3 Frictional (partial-slip) boundary conditions 
In this section, the effects of using frictional boundary conditions are explored. The 
no-slip contact interaction is replaced with a Coulomb friction model (Adams et al., 1997, 
Sonmez and Hahn, 1997), with a simple rate-independent coefficient of friction, f . 
Values of 0.05, 0.1 and 0.15, are examined for a 12-mm wide tape. 
The resulting pressure required to cause squeezing, _avg sqP , is plotted versus 
squeezing rate in Figure 6.19. As can be seen, frictional boundary conditions result in a 
reduction in required squeezing pressure, and this effect is amplified at high squeezing 
rates. For example, a shift from no-slip conditions to frictional conditions with a f  value 
of 0.1, causes _avg sqP  to decrease by nearly an order of magnitude at squeezing rates 
greater than 0.1 s-1. However, at low squeezing rates, a reduction of _avg sqP  by only ~20% 
is observed. For lower f  values of ~0.05, _avg sqP  decreases by a further order of 
magnitude at sq  values greater than 1 s
-1, while a smaller reduction of ~50% is observed 
at squeezing rates below this.  
 
 
Figure 6.19 Variation of _avg sqP  with squeezing rate for 12-mm wide tape, showing 
effect of no-slip and partial-slip boundary conditions. 
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The deformation of the tape under frictional conditions is explored in Figure 6.20 
which illustrates the flow of a 12-mm wide tape in the y-direction at an sq  value of 1 s
-1. 
It is observed that with Coulomb friction, no-slip behaviour occurs for the centre portion 
of the tape, where the stress ratio,  ,pR y t , is low, while perfect slip occurs over an 
outer portion of the tape, where  ,pR y t  takes on its highest values. This is generally 
referred to as “partial slip” in the literature. Note though that slip does not occur 
uniformly across the width of the tape, as it does with the analytical model of 
Ranganathan et al. (1995). As indicated in Figure 6.21(a), the change from no-slip to 
perfect slip behaviour occurs at a clearly defined location, denoted here as the 
“slip-transition point”. 
Figure 6.20(b) illustrates that parabolic squeeze flow occurs from the tape centre to 
the slip-transition point, and von Mises stress in that region is virtually identical to Figure 
6.14(a), confirming no-slip behaviour. Beyond the slip-transition point, von Mises stress 
decreases and Figure 6.20(c) shows that “plug flow” occurs at the tape edge. 
In Figure 6.21(a), the pressure and shear stress across the tape are plotted for a 
12-mm wide tape, at two squeezing rates, for no-slip and frictional boundary conditions. 
The stress ratio,  ,pR y t , is shown in Figure 6.21(b). Figure 6.21(a) shows that 
 cont ,y t  increases with distance from the centre up to the slip-transition point, while 
( , )p y t  decreases. In this region,  cont , ( , )fy t p y t   resulting in no-slip behaviour. 
Beyond the slip-transition point, the maximum shear stress that can be transferred by 
platen-tape interface is ( , )f p y t , and ( , )p y t  decreases with y. Consequently  cont ,y t  
also decreases with y and the maximum value of  cont ,y t  is now located at the 
slip-transition point, rather than the material edge. The previous observation that 
 cont( , ) ,p y t y t  near the tape edge, is replaced with a new observation, i.e. 
 cont( , ) ,f p y t y t   near the slip-transition point, i.e.  cont( , ) 10 ,p y t y t  for f = 0.1. 
Lower squeezing pressure is required with frictional boundary conditions because the 
material beyond the slip transition point undergoes much less shearing than with no-slip 
boundary conditions. As can be seen in Figure 6.19, the reduction is small at 0.001 s-1, but 
quite significant at 10 s-1. 
  




























































































































































































































































Figure 6.21 (a) Pressure distribution (closed symbols) and shear-stress distribution 
(open symbols), and (b) stress ratio,  ,pR y t , at the top platen interface, with dashed line 
illustrating f = 0.1, for a 12-mm wide tape, all versus distance from the tape centre. 
No-slip conditions are compared to slip conditions with Coulomb friction model with 
f   0.1, at two different squeezing rates. Arrows indicate location of slip-transition point 
for partial-slip curves. Inset in (b) shows the variation of slip-transition point location 
versus sq . 
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As noted above, the slip-transition point occurs where  cont ,y t  becomes equal to
 ,f p y t  at the platen interfaces, i.e. where  ,pR y t equals f . Beyond this point, 
 ,pR y t  remains equal to f , as shown in Figure 6.21(b). The resulting lower overall 
pressure causes larger values of  ,pR y t near the tape centre than with no-slip 
conditions. Consequently, the location at which  ,pR y t  reaches the value of f  is 
observed to be closer to the tape centre (west edge) with frictional boundary conditions 
than with no-slip boundary conditions, and more so at higher squeezing rates. The inset in 
Figure 6.21(b) illustrates that for f = 0.1, about 20% of the tape slips at low squeezing 
rates, whereas around 60% of the tape slips at high squeezing rates. 
Overall, the results of this sub-section confirm that slip is beneficial, as it reduces the 
applied pressure necessary to achieve squeezing. The benefit is more substantial at higher 
squeezing rates, as slip occurs over a larger percentage of the tape. 
6.4.4 Summary of modelling of squeezing at constant rate 
The findings from the squeezing model of a CF/PEEK tape at constant rate can be 
summarised as follows: 
1. Yield stress is exceeded almost everywhere when squeezing occurs. This is in line
with the findings of Lipscomb and Denn (1984) for a yield-stress material. There
are exceptions to this observed in the modelled results, but these are only a result
of model limitations.
2. Pressure is highest at the tape centre and decreases towards the tape edge. The
distribution is parabolic at high strain rates, in agreement with the results of
Ranganathan et al. (1995) where CF/PEEK was modelled as having a constant
viscosity. However, in contrast with Ranganathan et al. (1995), the distribution is
linear at low squeezing rates, for which CF/PEEK operates in its yield-stress
regime.
3. With a no-slip boundary condition, shear stress increases from tape centre to tape
edge and the pressure equals shear stress at a location close to the tape edge.
4. With the no-slip condition, plug flow takes place at low strain rates while
parabolic flow occurs at high strain rates.
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5. Slip almost certainly does occur at the tape edge, and allowing for it by using 
frictional boundary conditions, results in a lower required squeezing pressure. 
 
6.5 Results of squeezing under ATP rollers 
In this section, results from variable rate squeezing that would occur in ATP systems 
are presented. 
6.5.1 Stiff metal roller 
Firstly, results from squeezing a 12-mm wide tape with a stiff metal roller are 
presented. Three different values of final squeezing depth, finalsqd , namely 1, 3, and 5 m, 
are modelled using the previously-described, imposed-displacement approach, calibrated 
to represent a roller speed, Rv , of 6 m.min
-1. Figure 6.22(a) shows applied squeezing 
depth  sqd t , and corresponding squeezing rate,  sq t , versus squeezing time. It is 
observed that initial squeezing rates of 5 to 11 s-1 occur and these rates decrease linearly 
as squeezing proceeds. Figure 6.22(b) shows pressure in each increment,  incP t , plotted 
versus  sqd t  for the three different values of finalsqd . Results are for no-slip boundary 
conditions, except for one curve, which is for frictional boundary conditions and finalsqd = 3 
m. For no-slip boundary conditions, high values of  incP t , ranging from 160 MPa to 
370 MPa, are observed in the early stages of squeezing. These reduce as squeezing 
proceeds, but  incP t  is always more than two orders of magnitude above the yield stress 
in compression of a 12-mm wide tape, 
tapey
 . Figure 6.22(b) also shows that there is a 
significant reduction in incremental pressure with frictional boundary conditions. For 
example, at f = 0.1,  incP t  reduces from ~290 MPa to 35 MPa for finalsqd  of 3 m, i.e. by 
nearly an order of magnitude, although it is still well above 
tapey
 . This behaviour has 
been observed previously by Ranganathan et al. (1995). 
 


















Figure 6.22 Squeezing under a metal roller at a roller speed of 6 m.min-1, showing (a) 
applied squeezing depth,  sqd t , and corresponding squeezing rate,  sq t , plotted 
versus time, and (b) resulting incremental pressure,  incP t , versus  sqd t , with the 
squeezing yield stress, 
tapey
 , included for comparison. Results are for three values of 
final squeezing depth, finalsqd , for a 12-mm wide tape. No-slip boundary conditions are 
applied except for one curve for which f = 0.1. 
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To put these results in context for the UL ATP system, the total roller force ATPF , is 
calculated from the sum of the components of contact normal force, N , over nn  and tn , 
where nn  is the number of nodes across the platen and tn  is the number of time 
increments employed in the model (Table 6.2), all multiplied by two to account for full 
tape width. It is given as: 




F N n n    6.6 
This is the roller force that would have to be applied to achieve squeezing in the UL 
system. Values of ATPF  for a 12-mm wide tape with Rv  = 6 m.min
-1, are plotted versus 
final
sqd  in the range of 1 m to 6 m, in Figure 6.23. It is observed that ATPF  increases 
linearly with finalsqd . Squeezing occurs for all values of ATPF , and the effect of tapey  is not 
apparent. 
The value of ATPF  necessary to achieve a given amount of squeezing is reduced 
dramatically if slip occurs at the tape edges. In this case, as the roller progresses along the 
tape surface, it makes frictional contact with the centre of the tape, but lateral slip of the 
tape occurs from the slip-transition point to the tape edge. For example, the ATPF  required 
for a squeezing depth of 5 m is 1574 N with no-slip conditions, but only 15% of this 
value (236 N) with partial-slip conditions. The maximum roller force possible with the 
UL ATP system, at Rv  = 6 m.min
-1, is ~500 N, so the maximum possible squeezing depth 
for a 12-mm wide CF/PEEK tape is predicted to be ~1.6 m with no-slip boundary 
conditions. However, with frictional boundary conditions, for which partial slip occurs at 
the tape edges, this value increases to more than 6 m. Thus, there would be some 
advantage to ensuring the frictional coefficient is as low as possible when using a stiff 
metal roller.  
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Figure 6.23 The force required by the ATP machine, ATPF , to squeeze 12-mm wide 
CF/PEEK tape, at a roller speed of Rv  of 6 m.min
-1, for both metal and conformable 
silicone rollers, with no-slip and partial-slip ( f = 0.1) conditions, as a function of final 
squeezing depth, finalsqd .  
6.5.2 Conformable silicone roller 
Results from squeezing a 12-mm wide tape under a conformable silicone roller using 
the previously-described, imposed-stress approach, are examined next. With no-slip 
boundary conditions, roller forces in the range of 1-2 kN, well above that possible in the 
UL ATP system, were applied, with Rv  of 6 m.min
-1 over an cl  of 25 mm. The resulting 
squeezing rate and squeezing depth are plotted versus squeezing time in Figure 6.24(a), 
while the incremental pressure,  incP t , is plotted versus squeezing depth in Figure 
6.24(b). In Figure 6.24(b), incremental pressures of 3.36 MPa to 6.7 MPa are observed, 
which are relatively constant through the squeezing depth. Such pressures result in 
squeezing displacements, finalsqd , of 2-5 m, as shown in Figure 6.24(a). Squeezing occurs 
at low, relatively constant rates, as indicated by the linear decrease in squeezing depth, 
and values of sq  in the range of 0.05 s
-1 to 0.15 s-1. These rates are much lower than those 
observed for metal rollers. 



















Figure 6.24 Squeezing of a 12-mm wide tape under a silicone roller, at roller speed, 
Rv  = 6 m.min
-1, showing (a) squeezing depth,  sqd t , and corresponding squeezing rate, 
 sq t , versus time, and (b) incremental pressure under roller,  incP t , versus squeezing 
depth in the negative y-direction,  sqd t , for three values of roller force, with the 
squeezing yield stress, 
tapey
 , included for comparison. 
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This is because values of  incP t  are close to the global yield stress, tapey , of a 12-mm 
wide tape, obtained as ~1.28 MPa in Section 6.4.2.1. For example, to squeeze the 12-mm 
wide tape by 5 m, a roller force of 2 kN is necessary, which gives an initial sq  of 
~0.145 s-1. The resulting incremental pressure of ~6.7 MPa is only ~5 higher than 
tapey
 , 
and much lower than the incremental pressure under a metal roller. With lower roller 
forces, finalsqd  decreases linearly, as shown in Figure 6.23, reducing to just 0.18 m for a 
roller force of 500 N (1.7 MPa), which is the maximum force available in the UL ATP 
system. No squeezing at all is expected at a roller force of 384 N, at which the 
incremental pressure is just equal to 
tapey
 .  
Partial slip reduces the roller force necessary for squeezing, in a similar fashion to the 
metal roller, as shown in Figure 6.23. However, the benefit under a silicone roller is not 
as substantial, due to the reduced portion of tape that slips at lower squeezing rates, 
illustrated previously in the inset of Figure 6.21(b). For instance, it is observed that the 
ATPF  required for squeezing of 5 m is ~2 kN with no-slip conditions, but about 60% of 
this (~1.2 kN) with frictional boundary conditions, which is less of a percentage reduction 
than that found for the metal roller. Furthermore, the improvement in squeezing thickness 
for a silicone roller with slip at ATPF  = 500 N is less significant than for the metal roller. 
For the silicone roller, squeezing of 0.18 m occurs with no-slip conditions, compared to 
0.9 m with slip conditions. All of this suggests that, for the UL ATP system with a 
silicone roller, very little squeezing of 12-mm wide tapes would take place at the 
maximum roller forces the system is capable of. 
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6.6 Discussion 
Squeezing of CF/PEEK pre-preg tape under ATP rollers must improve intimate 
contact to form a good quality bond with the underlying laminate and squeeze out voids 
in the material. For this to occur, the pre-preg tape must be heated fully to the PEEK 
melting point, as observed in Stokes-Griffin and Compston (2015). One of the key 
concerns in this work is the impact of the yield-stress nature of CF/PEEK. It introduces a 
squeezing yield stress, 
maxy
 , below which no squeezing can occur. The present work 
illustrates the differing responses for the two different roller types generally employed on 
an ATP system. 
The more traditional metal roller squeezes CF/PEEK at high rates, resulting in 
viscous behaviour in both compression and shear. One interesting outcome is that 
squeezing is largely insensitive to the yield-stress, 
tapey
 . Melt stresses are large enough to 
easily displace all fibres locked in frictional contact in the material. Consequently, 
squeezing occurs at all roller forces, with the yield stress being largely insignificant. This 
may explain why previous publications that modelled squeeze flow while ignoring the 
presence of the yield stress were able to produce reasonable results for metal rollers 
(Ranganathan et al., 1995). Another outcome is that the introduction of some form of slip, 
albeit difficult to achieve in a manufacturing process, would be of great benefit in 
improving achievable squeezing. For a 12-mm wide tape, squeezing of ~1.6 m can occur 
with the maximum roller force in the UL ATP system of 500 N, and no-slip boundary 
conditions. However, this would increase to greater than 5 m if partial slip was 
introduced. 
The situation is quite different for squeezing under a silicone roller, for which  
incremental pressures are much lower and closer to 
tapey
 . Now, melt stresses are low and 
close to the values necessary to displace fibres locked in frictional contact. Hence, 
squeezing rates are correspondingly slower, so the additional squeezing time under the 
deformed roller is not as advantageous as might be expected. Furthermore, Figure 6.23 
indicates that significantly higher roller forces are necessary to achieve a given level of 
squeezing, compared to the metal roller. For example, with a no-slip boundary condition, 
squeezing of a standard 12-mm wide tape under the maximum roller force of 500 N is 
minor, with forces in the range of 1.5 - 2 kN necessary to achieve typical squeezing of 
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~5 m. No squeezing at all is expected for wider tapes. Interestingly, the introduction of 
slip is much less advantageous than under the metal roller. 
Regarding improvements that can be expected from an increased processing 
temperature, it needs to be borne in mind that for deformation in compression and shear, 
stresses are constant with strain rate below ~4 s-1, with 
maxy
   29 kPa and 
maxy
   58 kPa. 
Since, it has been observed in Chapter 3 that CF/PEEK viscosity below 4 s-1 is 
temperature-independent, it follows that 
maxy
  and 
maxy
  will be so also. Above about 4 s-1, 
stresses increase and become temperature-sensitive, decreasing with increasing 
temperatures. Since squeezing under the stiff metal rollers occurs at high squeezing rates, 
it is deduced that compression and shear near the tape edges both occur well above 4 s-1, 
indicating such behaviour. Hence, at elevated processing temperatures above 380°C, the 
viscosity of CF/PEEK and associated stresses will decrease, allowing a greater degree of 
squeezing to occur for an applied roller force. Such an advantage will be less available to 
the conformable silicon roller. This is because squeezing rates are lower and stresses in 
shear and compression will be correspondingly lower and closer to 
maxy
  and 
maxy
 . 
Therefore, with temperature increase, values of  and   cannot decrease below 
maxy
  and 
maxy
 , limiting the potential benefit.  
Concerning roughness and voids, much of the tape surface roughness can be 
attributed to arrangements of protruding aligned fibres that are mostly covered with a thin 
layer of PEEK melt. Regarding voids, Gruber et al. (2012) described how fibres assemble 
into closely-packed arrangements around voids. It is likely that these arrangements are 
locked in place by frictional contact between fibres. Furthermore, Comer et al. (2015) has 
shown that these voids are often elongated, and run along gaps between fibres. For 
applied pressures at or below the squeezing yield stress, 
tapey
 , the present work suggests 
that fibres will mostly remain locked in position, even at the rough surface (except 
perhaps for very isolated fibres). This would limit flattening of surface roughness to that 
caused by flow of the PEEK melt only. Secondly, the locked fibres would take the entire 
applied load, preventing it being fully transferred to the melt. As a result, the melt would 
lack sufficient stress to either disrupt fibre structure around voids or to push into voids. 
Therefore, 
tapey
  must be significantly exceeded, to cause friction to be overcome and 
fibre movement to occur. This facilitates rearrangement of fibres to a less rough 
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configuration at the surface and allows full transfer of the pressure to the melt, which in 
turn facilitates disruption of fibre structure around voids and forces melt into voids. 
Squeezing under a silicone roller, for which the incremental pressure is close to 
tapey
 , 
may not be suitable for reduction of surface roughness, or for compression of voids. 
Squeezing under a metal roller, with significantly higher incremental pressure, causing 
viscous flow of CF/PEEK melt, may be better suited to this function. 
6.7 Conclusions 
A finite-element model was used to examine squeezing of CF/PEEK pre-preg tape 
melt at 380°C under two different ATP rollers. A material model to describe CF/PEEK 
melt that approximates yield-stress, Bingham behaviour, was employed to examine 
rate-dependent squeezing. Results illustrated the interrelationship between squeezing rate, 
tape width and roller boundary conditions. 
Squeezing under metal rollers generally occurs at high strain rates, with the melt 
behaving viscously, and results insensitive to the yield stress. The introduction of slip via 
a lower friction roller would improve squeezing. Increased temperature would also help 
by reducing melt viscosity, and higher roller force will displace fibres, facilitating 
squeezing and improving flattening of surface roughness and void squeezing. Squeezing 
under silicone rollers with similar roller force is unlikely to benefit from slip or increased 
melt temperature, and unlikely to cause significant squeezing. Indeed, the yield stress 
might not be exceeded at all. Fibres could remain locked in frictional contact, with little 
or no improvement in surface roughness, bond formation or void squeezing. 
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Chapter 7 
Conclusions and Recommendations 
for Future Work 
 
7.1 Introduction 
In this thesis, a combined experimental and modelling study of CF/PEEK melt was 
carried out, which examined its behaviour under deformation modes expected during 
squeezing flow under an ATP roller. This chapter summarises the main conclusions from 
this research and recommends some interesting areas for future work. 
7.2 Conclusions 
The shear viscosity of CF/PEEK melt is often used as a key parameter to model 
processing behaviour. A wide range of shear viscosity values for this melt were 
elucidated from literature. These included various rate-independent viscosity values. 
Experimental results gave rate-dependent viscosity behaviours that were generally shear 
thinning at low strain rates. Groves et al. (1992) suggested that this behaviour indicated 
that CF/PEEK melt exhibited a yield stress in shear, although the wider implications of 
this concept were not considered. 
The rheological work carried out in Chapter 3 expanded on a methodology from 
Groves et al. (1992), to produce a range of rate-dependent viscosity results for CF/PEEK 
melt. The viscosity values obtained and the evidence of shear banding observed, 
corroborated the presence of a yield stress in shear. This could further signify the 
existence of a yield stress in compression, which could become manifest during squeezing 
in the ATP system. 
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To explore this concept further, considerable effort was expended to develop 
heterogeneous, finite-element (FE) models that could handle the microscopic detail of the 
two materials involved. To do this, a viscoelastic material model to represent the non-
Newtonian, shear-thinning, incompressible behaviour of PEEK melt was developed, in 
Chapter 4, and calibrated to rheological data from Chapter 3. When used with hybrid 
elements in Abaqus/Standard®, this model exhibits incompressible behaviour. In Chapter 
5, models were examined in detail, and modelled behaviour of CF/PEEK melt was 
compared to literature data. It was seen that the mere presence of fibres in the melt is not 
sufficient to explain measured rheological behaviour. The correct shear viscosity becomes 
evident when the restriction of fibre motion by friction with other fibres is accounted for. 
Fibre-fibre friction is facilitated by normal forces between fibres, that pulls them into 
frictional contact via mechanisms such as tow-twisting and entanglement. 
Consequently, friction is not readily incorporated in two-dimensional FE models. 
Hence, novel non-linear springs in the x- and y-directions were attached to the centre 
of each fibre to emulate friction. With this functionality, RVE models display the 
shear-thinning shear viscosity exhibited by measured data and indicative of a yield 
stress in shear. They also display shear banding at low strain rates, a characteristic 
shared with many other types of structured yield-stress fluids. Shear banding 
explains the sensitivity of measured shear viscosity to applied pressure at low strain 
rates. At low pressure, only a small number of fibre layers would participate in the 
measurement, while at high pressure, all fibres would participate. This observation 
confirms that shear viscosity values, measured with sufficient applied pressure, 
are the correct values to describe and model CF/PEEK in squeeze flow. 
The effect of the yield stress in shear on CF/PEEK squeeze-flow was examined via a 
finite-element model of pre-preg tape. For this, a homogeneous, viscoelastic CF/PEEK 
material model was devised, that added the yield stress to the behaviour and exhibited 
viscosity values that matched the RVE modelled data above. Squeeze flow results from 
this model confirm that a yield-stress in compression occurs. For processing in an ATP 
system, this means that a sufficiently high roller force is necessary for squeezing to take 
place, with higher roller forces necessary for wider pre-preg tapes. Squeezing under stiff 
metal rollers is seen to be generally insensitive to the yield stress, whereas, very high 
roller forces would be needed for squeezing under deformable silicone rollers. 
Conclusions and Recommendations for Future Work 
7-3
7.3 Future work 
In this section, a number of recommendations for future work are proposed. 
Firstly, the accuracy of finite-element investigations could be improved with: 
7.3.1 Improved viscoelastic PEEK melt model 
In Chapter 4, a viscoelastic model for PEEK melt was developed using the Parallel 
Rheological Framework in Abaqus®. This model represents viscoelastic behaviour well, 
but exhibits a number of shortcomings: 
7.3.1.1 Viscosity inaccuracy at high strain rates. 
The model shows some minor inaccuracies at high strain and strain rates, whereby it 
overestimates stresses, pressure and viscosities. It would be advantageous to generate an 
improved version of this model to address this limitation. This could achieved in Abaqus® 
via development of user-generated material models (UMATs). Furthermore, melt 
temperature dependence for non-isothermal RVE models could be easily added to either 
model type via an Arrhenius relationship. 
7.3.1.2 Effect of pressure on PEEK melt viscosity 
In Chapter 5 Section 5.5.5, RVE models have illustrated that at high shear rates, 
regions of high pressures, of the order of ~1 MPa, may exist between fibres. The accuracy 
of the RVE model at these pressures could be improved by incorporating the expected 
viscosity increase with pressure, via a Barus equation as described in Chapter 2. An 
experimental investigation of the variation of shear viscosity with pressure would be 
necessary to provide the data to fit this model. 
 PEEK melt slip at fibre interface 7.3.2
Models of CF/PEEK melt processing generally assume no-slip boundary conditions 
at PEEK melt interfaces with solid surfaces. However, as observed in Chapter 2, it has 
been reported in the literature that many polymer melts exhibit slip above a critical shear 
stress. Should slip occur at fibre surfaces, a reduction in composite melt viscosity would 
result. Consequently, it would be interesting to study experimentally if PEEK melt has a 
critical shear stress at which slip occurs. Furthermore, as mentioned in Chapter 4, Section 
Conclusions and Recommendations for Future Work 
7-4
4.5.3, the shear-thinning viscosity of PEEK melt at high strain rates corresponds to a 
constant melt shear stress of ~0.3 MPa. Hence, to cause slip, the critical shear stress 
would have to be lower than this value. This could be investigated by examining the gap 
dependence of the flow curve, as described in Chapter 2, Section 2.5.5, for PEEK melt 
and rheometer plates with a carbon surface. Inclusion of such a critical shear stress could 
refine RVE model accuracy, particularly at high strain rates. 
 Melt detachment from fibre interface 7.3.3
An analogous question that arises is whether the high tensile stresses observed 
between some fibres in Chapter 5, Section 5.5.5, could cause melt detachment from the 
fibres. This could result in void formation in the final composite. It would be interesting 
to establish experimentally if such a critical tensile stress exists. Corresponding to shear 
stresses in PEEK melt, it is observed in Chapter 4, Section 4.5.3, that viscosity at high 
extensional rates corresponds to a constant maximum tensile stress of ~1.2 MPa. 
Therefore, to cause melt detachment, the critical tensile stress would have to be lower 
than this value. The author is not aware of test techniques or results in the literature for 
this critical stress. However, should a value be determined then one possible way that its 
effect could be investigated, would be in an RVE model with cohesive elements at the 
melt/fibre interfaces (O'Dwyer et al., 2014). These elements employ a traction-separation 
law that accounts for the interaction of shear and normal traction to cause separation of 
the melt from the fibre. Careful choice of parameters would be required to allow 
separation due to normal traction, and impose a critical distance beyond which, there is no 
traction across the interface. 
 Intimate contact 7.3.4
As discussed in Chapter 2, previous models of intimate contact have examined the 
flattening of rough surfaces composed of a rate-independent, homogenised material that 
did not demonstrate a yield stress. Flattening was imposed by a flat surface that 
represented the underlying laminate. Rough surfaces were composed of either rectangles 
or a curved surface matched to an experimentally determined surface roughness value for 
CF/PEEK. A more representative intimate contact study could now be envisaged that 
could examine flattening of a pre-preg tape rough surface constructed with a 
heterogeneous FE model. This would be comprised of a representative NNA selection of 
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fibres, each with non-linear springs in x- and y-direction to represent fibre-fibre friction, 
and each embedded in PEEK melt material, together with a thin PEEK melt layer 
conformally covering the top fibres to form a rough surface. At low applied squeezing 
stress, fibres near the surface would not move until friction is overcome, and their stiff 
contour would limit how the rough surfaces could come into contact. Significant melt 
redistribution and some fibre displacement would be necessary to allow good intimate 
contact. Such a model would provide a more realistic study of the development of 
intimate contact than current models. Unfortunately, it is likely that the Lagrangian, 
viscoelastic model for PEEK melt would not be capable of the necessary large 
deformations. However, approaches like Abaqus® CEL, that employ Eulerian techniques 
for the melt while treating the fibres as Lagrangian solids, most likely could overcome 
these limitations, allowing the interplay of melt and fibre redistribution necessary to 
achieve full intimate contact to be examined. Such approaches are computationally slow, 
and improvements to their computational speed would be desirable. 
7.3.5 Fibre to Fibre Friction 
The two-dimensional RVE in Chapter 5 modelled the effect of friction via two 
non-linear springs, one each in the x- and y-directions, attached to fibre centre nodes. This 
approach overcame limitations to modelling normal forces between fibres with friction.  
A more comprehensive approach to modelling fibre-friction effects would be to 
employ three-dimensional, FE models, constructed using fibre distributions from 
three-dimensional, X-ray tomography analysis of pre-preg material, such as that 
generated for Suprem™ CF/PEEK by Comer et al. (2015). Such a model would probably 
have to employ the Eulerian approach for the melt, mentioned above. Then it would have 
the added benefit that fibres could come into frictional contact, without the necessity for 
the clearance distance employed in Chapter 5. The use of improved behavioural models 
for PEEK melt, proposed in Section 7.3.1 would also improve accuracy at high 
strain rates. To ensure the correct normal forces between fibres, appropriate 
tension would be applied to both ends of each fibre. With all of these 
considerations, such a model could more correctly capture fibre-friction effects. Another 
benefit would be the capability to investigate the elastic, fibre-bed effects, mentioned in 
Chapter 2, which cause a non-linear increase in compression stiffness with degree of 
compression. 
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7.3.6 Upgraded CF/PEEK homogeneous models 
A homogeneous, viscoelastic model for CF/PEEK melt, with improvements 
similar to those proposed for PEEK melt in 7.3.1 would be advantageous for models 
of pre-preg tape squeeze flow. To include temperature variation under the ATP roller 
in a non-isothermal squeeze-flow model, a complex CF/PEEK temperature 
dependence would be necessary, which would model temperature independent behaviour 
in the yield-stress region, together with an Arrhenius temperature dependence above the 
yield-stress region. Most likely, this would require a purpose written code.  
7.3.7 ATP Related Yield stress 
In ATP squeeze-flow, for which heat application and squeezing is localised to a 
moving zone of tape near the nip point, inextensibility of carbon fibres may cause the 
yield stress in compression of the pre-preg tape to increase. To explain this, it is observed 
that in the rheological tests of Chapter 3, which employed a relatively short pre-preg 
sample length of 12 mm, and in two-dimensional models of squeeze flow, all fibres are 
free to displace in the transverse direction once the yield stress in compression is 
overcome. In contrast, for ATP squeeze flow, the pre-preg tape is extremely long, with 
only a short portion heated and squeezed at any instant in time. Hence, fibres in the 
melted, squeezed zone, which would normally be free to displace transversely once 
friction is overcome, are continuous into the unmelted region before the heated zone, 
where they would be immobile. They are also continuous into the cooling squeezed 
region after the heated zone, where they would also become immobile at a distance at 
which the temperature drops below the PEEK melting point. Therefore, as illustrated in 
Figure 7.1, each fibre would have to undergo a small extension to allow the necessary 
transverse displacement to occur in the heated zone, with the largest extension necessary 
at the tape edge. But, as observed in Section 2.5.2.2, fibres are very stiff along their 
length, and often approximated as inextensible. Squeezing could not occur until the 
additional stress necessary to extend each fibre was supplied. In effect, this would add an 
equipment related “yield stress” in compression to that already caused by friction between 
fibres. Its magnitude would depend on factors such as tape tension, tape width, the 
distance between start of heated zone and nip-point, and the distance between the 
nip-point and the location where the tape cools to below the PEEK melting point. It 
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would be very interesting to study this additional yield stress with a model of the ATP 
process that encompasses these aspects of the system geometry. 
Figure 7.1 Schematic of a top-down view of the laser-heated automated tape 
placement process (adapted from Stokes-Griffin and Compston (2015)), illustrating fibre 
extension necessary during squeezing at the nip point. 
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Appendix A Navier-Stokes equation and approximations 
The Navier-Stokes equations describe conservation of momentum in a fluid flow. 
They are given by: 
( ) ( ). . x
u dPuq u f
t dx
ρ ρ η ρ∂ + ∇ = − + ∇ ∇ +
∂
d  A.1
 Unsteady      Advection      Pressure gradient   Diffusion   Body Force 
term            term    term                    term           term 
where the fluid velocity is u , density is ρ , viscosity is η , pressure is P  and body force 
is xf . Advection in the x-direction is given by: 
( ). uu uu uuuq
x y z
ρ ρ ρρ ∂ ∂ ∂∇ = + +
∂ ∂ ∂
d  A.2
and diffusion in the x-direction is given by: 
( ). . du du duu
dx dy dz
η η η η
 






d u d u d uu
dx dy dz
η η η η∇ ∇ = + +  A.4
There are some simplifications of these equations which are relevant to this work. 
A.1 Stokes flow
The equations can be simplified for so-called “creeping flow” (Ockendon and
Ockendon, 1994, Panton, 2005), as follows. If the domain length is L , and the Reynolds 




Then for very low Reynolds numbers, 1Re  , arising from low fluid velocity, u , high 
viscosity, η , low density, ρ , or small L : 
• The advection term ( )( ). uqρ∇ d , is much smaller than the viscous term ( )( ). uη∇ ∇ and
may be neglected.




 is neglected. 
• The contribution of body force is low, and is therefore neglected.
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A.2 The lubrication approximation  
A further simplification may be employed to describe Stokes flow in a long, wide, 
thin channel under a pressure gradient, as shown in Figure A.1. In this case, the v and w 











 terms are eliminated from the equation (i.e. all 
normal components of flow are eliminated). 
 
 
Figure A.1 Pressure driven flow in a wide (z-direction), thin (y-direction), channel 
 






µ=  A.7 
whereby flow under pressure is dependent only on shear strain rate and shear viscosity in 
the direction of flow.  
Integration of this equation gives a relationship for pressure without accounting for 
the normal components of stress from which pressure is conventionally calculated. In 
some flows such as squeezing flow, where normal stresses may be significant, this may 
lead to inaccuracies in the calculated pressure. 
This simplification affects the calculation of fluid stress for yielding in yield-stress 
materials. In the present work, a yielding criterion is calculated using the general form of 
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von Mises stress, σ ′ , which has been determined from stored energy considerations  
(Jong and Springer, 2009): It is given by: 
 ( ) ( ) ( ) ( )
1
2 2 2 2 2 2 2
1 2 2 3 3 1 12 23 31
1 6
2
σ σ σ σ σ σ σ τ τ τ ′ = − + − + − + + +   A.8 
where 1σ , 2σ  and 3σ  are normal stresses, and 12τ , 12τ , 12τ  are the shear stresses. This 
stress is composed of two types of deviatoric stress. 
1. Deviatoric stress due to compression or extension, determined from the normal 
stress difference terms ( )xx yyσ σ− , ( )yy zzσ σ−  and ( )zz xxσ σ− . These terms 
result from change in shape due to compression and extension, and neglect the 
effect of hydrostatic pressure. 
2. Deviatoric stress due to shear deformation. These terms reflect the change in 
shape due to shear deformation. 
With the Lubrication approximation, since the normal components of stress and strain are 
neglected, the von Mises stress is approximated as: 
 ( )
1




τ τ τ τ ′ = + +   A.9 
This approximated von Mises stress will only detect if component shear stresses are 
sufficiently high to exceed the yield stress. It will not detect if component normal stresses 
could exceed the yield stress, as may occur in a complex flow such as squeeze flow. 
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Appendix B Derivation of rheometry equations for an isotropic 
circular sample 
B.1 Introduction
In this appendix, the equations governing torsional deformation of an isotropic,
circular sample between two parallel rheometry plates, are derived. The equations are 
applicable to the tests performed on PEEK melt in Chapter 3.  
B.2 Torque on a circular cylinder
The sample is considered to be a short cylindrical shaft with centre, O , height, h ,
and radius, a . It is fixed at the bottom face and subjected to a twist at the top face of 
angle, θ , via a torque, M , as shown in Figure B.1. It is assumed that, because the sample 
is thin and circular, and constrained by the rheometer plates, the resulting deformation 
involves no warping or squeezing. 
Figure B.1 Calculation of moment for continuous rheometry (adapted from Benham 
and Crawford (1987)) 
Consider an annulus of material a distance r from O (Figure B.1), at which the shear 
stress is ( )rτ . Then the moment about O from the shear forces on this annulus is: 
( ) ( )2dM r r dr rτ π=  B.1





M r r drπ τ= ∫ B.2
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This relationship is next employed to develop equations for both continuous and 
oscillatory rheometry.  
B.3 Torque in continuous steady flow rheometry 
In continuous steady flow rheometry, the top plate rotates continuously, causing the 
sample to flow. The shear strain rate at any point of the sample, γ , is a function of 
distance from the sample centre, varying linearly from zero at the centre, to a maximum 
value, aγ , at the sample edge. In this section, equation 3.7 in Chapter 3 is derived, which 
relates shear viscosity to M . For a Newtonian material: 





then, equation B.2 can be re-written (Walters, 1975): 




M r drπ η γ γ= ∫    B.4 




θ γ=   B.5 
By differentiating equation 3.3, and substituting equation B.5 into it, the shear rate γ  as a 
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= B.16
for M  and aγ  in equation B.15 results in (Walters, 1975): 
( ) ( )( )3
ln3 11











which is equation 3.7. This equation is solved by the rheometer to calculate steady shear 
viscosity, ( )η γ , from applied strain rate, aγ , and resulting torque, M .
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B.4 Torque in small amplitude oscillatory shear rheometry 
In small amplitude oscillatory shear measurement mode, a sinusoidally-varying twist 
angle, with angular frequency, ω , is applied to the rheometer top plate, resulting in a 
sinusoidally-varying strain, γ , given by equation 3.10 in Chapter 3, and a sinusoidally-
varying torque, with amplitude 0M . In this section, equation 3.26 is derived, which 
relates dynamic moduli to 0M . 
If the material behaviour was elastic, shear modulus, G , would be defined as: 
 G τ
γ
=  B.18 







Rearranging yields the shear stress as a function of r: 
 ( ) Gr r
h
τ Θ=  B.20 
In an oscillatory measurement, on a viscoelastic material, G  can simply be replaced by 

























=  B.23 














Appendix C Derivation of rheometry equations for rectangular 
samples with constrained warpage 
The previous appendix deals with circular samples of an isotropic material, which is 
applicable to the tests performed on PEEK. In this appendix, the derivation of torsional 
equations for a rectangular sample of an anisotropic material is outlined (Burr, 1981), 
which has relevance for the CF/PEEK experiments performed in this thesis. It is assumed 
that warpage is prevented by the application of an axial force. In particular, equations 
3.31 and 3.32 of Chapter 3 are derived. Internal University of Nottingham reports 
referenced in Rogers (1989), which may contain this derivation, proved to be 
unobtainable, hence the derivation here. 
C.1 Torsion of a non-cylindrical sample 
Consider a bar with a constant cross-section along its axis, of arbitrary shape, as 
depicted in Figure C.1. For now, let us assume the bar is a homogeneous, elastic solid, 
made from an isotropic material. Upon application of a torque, M , about the Z-axis, a 
point A, with coordinates (x, y, z) with respect to axes with origin O, is displaced by 
amounts u, v, and w in the X, Y and Z directions, respectively, to point 'A . For now, it is 
assumed that w, the displacement in the Z-direction is allowed, i.e. no end load is applied 
to prevent it. 
 
Figure C.1 Axial displacement of a non-cylindrical sample when twisted. (adapted 
from Burr (1981)) 
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A view, looking down the z-axis is shown in Figure C.2. The line OA forms an angle 
ϕ  with the X-axis. For small twist angles, 90β ≈  , and x  and y  are determined as: 














Figure C.2 View from above, looking down the Z-axis in Figure C.1. Point A and its 
position after twist, 'A , showing displacement components u and v (adapted from Burr 
(1981)) 
 
The angle of twist per unit length of the bar, α , is: 
 0
h
θα =  C.2 
where 0θ  is the total twist angle of the bar. The twist angle at a given height z  is zα . 
Assuming small displacements (for which sin z zα α≈ ) the displacement of point A is: 
 ( )AA z OAα′ =  C.3 
Substituting in equation C.1 gives: 
 ( ) ( )
cos sin
x yAA z zα α
ϕ ϕ
′ = =  C.4 
which leads to: 
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( )cosAA z xϕ α′ = ,       ( )sinAA z yϕ α′ =  C.5
The components of displacement AA′  are then: 
( )sinu AA z yϕ α′= =  
( )cosv AA z xϕ α′= − = −  C.6
( ),w f x y=  
where v  is negative as it points in the negative y-direction. The displacement w  is a 
function of the x- and y-location but is independent of z. The variation of w  with x and y 
leads to a warped cross-section. If a zero end displacement constraint prevents this 
displacement, 0w =  and no warping occurs. If a constant end force constraint is applied 
w will be non-zero in general, but will not be a function of x and y (i.e. w will be constant 
across any given cross-section), so again no warping will occur. Note the latter case 
prevails in the CF/PEEK experiments in Chapter 3, which operate in force-control mode. 
The total end force is held constant throughout the experiment. The end force varies in x 
and y (i.e. is a non-uniform distributed load on the upper surface of the sample), but the 
rigidity of the plate ensures that the end displacement does not. 
Shear strain is the change in angle of the material element. The angle between the dx  
and dy  edges remains unchanged, so 0xyγ = . However, if warping is allowed (i.e. no end 
constraints applied), the angle between the dx  and dz  edges changes, as shown in Figure 




γ ∂ ∂= +
∂ ∂
C.7




γ ∂ ∂= +
∂ ∂
C.8
In pure torsion, it is assumed that these shear strains are the only strains in the material. 
All other strains, i.e. xyγ , xε , yε  and zε , are assumed to be zero. For an elastic, isotropic 
material, the shear stresses under pure torsion are thus: 
xz xz
u w wG G G y
z x x





v w wG G G x
z y y
τ γ α
   ∂ ∂ ∂
= = + = − +   ∂ ∂ ∂   








, which represent the variation of z displacement due to 
warpage with x  and y , are unknowns. 
Figure C.3 View along Y-axis of the point at A in Figure C.1 and the element face 
of area dx×dz it contacts, showing displacements and shear strain (adapted from Burr 
(1981)). Note: u
dz
∂  exists whether or not warping is prevented by an end load, whereas 
w
dx
∂  only exists if warping is allowed (no end load). 









 are zero (even though 0w ≠  for an end force constraint). So: 
xz G yτ α=  C.10
yz G xτ α= −  
The assumption that xε , yε  and zε , are zero is no longer valid when warping is 
prevented. In that case, there will also be normal stress components xσ  , yσ  and zσ . 
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From equilibrium of the element at A, the forces in each direction must balance. For 
example, in Figure C.4, the sum of the forces in the z-direction are: 
0
yzz
z z yz yz
xz
yz yz




τσσ σ τ τ
ττ τ
∂ ∂ + − + + −  ∂ ∂   
∂ + + − = ∂ 
C.11
















Figure C.4 Forces on an element during torsion (adapted from Burr (1981)). 





















The shear stress 0xyτ = , and when warpage is prevented, xzτ  is not a function of z 
































Using the method of sections to isolate a portion of the specimen above any cross-
section we choose, that portion of the specimen will be in equilibrium, so the applied 
torque, M , is balanced by the torque resulting from the shear stresses at that section, i.e.: 
xz yz
x y x y
M y dxdy x dxdyτ τ= −∫ ∫ ∫ ∫  C.19
Substituting in equation C.10: 
2 2
x y x y




∫ ∫ ∫ ∫ C.20
Clearly the quantity in brackets is the polar moment of inertia, given by: 
z xx yyI I I= + C.21
so equation C.20 can be re-written: 








If the material is changed to be viscoelastic, and a sinusoidally-varying torque of 
amplitude 0M , is applied, with twist angle amplitude Θ , and phase lag angle δ , this 








 which is further manipulated into G′ , G′′ , *η , η′and η′′ in Chapter 3. 
C.2 Off-centred, balanced rheometry of rectangular samples of
uni-directional material
To explore the rheometry of an anisotropic material, equations C.10 are rewritten as: 
( )xz TG yτ α=  and ( )yz LG xτ α= −  C.25 
where LG  is the longitudinal shear modulus (aligned with the X  axis, along the fibre 
direction), and TG  is the transverse shear modulus (aligned with the Y  axis, across the 




M G y dA G x dAα α= +∫∫ ∫∫  C.26
Incorporating equation C.23 leads to the equation employed by Rogers (1989): 
( )xx T yy LM I G I G α= +  C.27
For a viscoelastic material, with a sinusoidally-varying torque of amplitude 0M , with 
twist angle amplitude Θ , and phase lag angle δ , equation C.27 can be decomposed into 
the equations employed in Chapter 3, which are the same as those given by Rogers 
(1989): 
( )0 cos xx T yy LM I G I G hδ
Θ′ ′= + C.28 
( )0 sin xx T yy LM I G I G hδ
Θ′′ ′′= + C.29 
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Appendix D Stiffness of a rectangular sample with 
unconstrained warpage 
The effect of warping, which could potentially occur in the off-centred, balanced, test 
of anisotropic CF/PEEK in Chapter 3, is examined. Warping only occurs with 
non-circular samples. The analysis of the off-centred, balanced arrangement for 
anisotropic material is prohibitively complex. Therefore, in this appendix, a simpler 
arrangement, consisting of a rectangular sample of isotropic material, as shown in Figure 
D.1, is examined.
Figure D.1 Schematic showing sample placement for a single rectangular sample. 
The stiffness of an isotropic sample with warpage constrained is the polar moment of 
inettia, zI , re-written here for an isotropic material as(Benham and Crawford, 1987): 
constrained z xx yyK I I I= = +  D.1
This can be rewritten as (Benham and Crawford, 1987): 
( )3 3112constrainedK wl lw= + D.2
where l  and w  are the sample length and width respectively. Stiffness of an isotropic, 








= − −  
  
D.3
where l w≥ . To illustrate the effect of unconstrained warpage, the stiffness variation with 




Figure D.2 Calculated sample stiffness versus sample length, l, for width, w, of 4 
mm, comparing samples with warpage constrained to samples with warpage 
unconstrained. 
 
It is observed that for l ≥ 10 mm, unconstrainedK < constrainedK . At  l = 40 mm, unconstrainedK  
is approximately one order of magnitude less than constrainedK . This suggests that a reduced 
torque would be required to twist an isotropic, rectangular rheometry sample with 
unconstrained warpage. By extension, this results suggests than the off-centred, balanced 
rheometry evaluation of CF/PEEK, carried out in Chapter 3, would underestimate 
stiffness, and hence, underestimate values of dynamic moduli and complex viscosity.  
Therefore, it was necessary to constrain warping in the off-centred balanced 







Appendix E Optimum rheometer setup and rheometry data 
corrections 
E.1 Thermal stability of the rheometer gap 
In the DHR rheometer, the gap height, h, is determined by a position sensor located 
at the top of the rheometer shaft. A gap zeroing procedure is carried out before each 
sample is in place, in which a small axial force of 1 N is applied to the top plate to bring it 
into contact with the bottom plate. The sensor returns the location at which the gap is 
zero. Then, in a subsequent measurement with a sample in place, the sensor returns the 
location of the sample top, allowing the gap height (sample thickness) to be determined.  
For measurements at high temperatures of ~380°C, thermal expansion of components 
such as the shaft, rheometer plates and bottom plate mounting, may affect the apparent 
gap position during the zeroing procedure or during testing. In this appendix, two 
experiments are described, which helped determine the best measurement practise to 
avoid errors related to this issue. 
Firstly, the effect of thermal expansion on the determination of the gap zero location 
was examined. The recommended procedure from TA Instruments is to determine the gap 
zero location at the measurement temperature. Hence, the time for full thermal expansion 
of rheometer components, before gap zeroing should be carried out, was evaluated. To do 
this, 40 mm disposable plates were fitted and the gap was zeroed at room temperature. 
The ETC oven doors were then closed, and the temperature was raised to 380°C. As the 
temperature increased, the rheometer adjusted the recorded gap height to accommodate 
expansion while maintaining an axial force of 1 N, to keeps the plates in contact. The 
apparent gap height increased due to thermal expansion, as illustrated in Figure E.2, while 
the true gap remained at 0 mm. The ETC temperature and apparent gap height were 
recorded over time, with results shown in Figure E.2(a). 
Figure E.2(a) shows that the temperature recorded by the ETC oven reaches its set 
temperature of 380°C in five minutes. However, the apparent gap height takes longer to 
stabilise. This suggests that thermal expansion of components contributing to the gap 
height measurement continues over a much longer time of 20 to 30 minutes. An initial 
contraction is indicated by a decrease below zero of the recorded gap height. This initial 
contraction is resolved after five minutes when the recorded gap returns to zero, 
coinciding with the time at which the set point temperature was reached. Following this, 
Appendix E 
E-2 
thermal expansion occurs over a period of 30 minutes, with the recorded gap increasing 
by approximately 240 µm. As a result of this, it was decided that a minimum delay of 30 
minutes was required, after the temperature set point is reached, before the gap is 
sufficiently stable to be zeroed at the measurement temperature. 
 
 
Figure E.1 Gap stability evaluation 
 
Secondly, the time required for stabilisation after the test sample is placed on the 
rheometer plate at measurement temperature was determined by opening the oven doors 
at 380°C post gap zeroing, to simulate sample placement. The temperature was allowed to 
decrease to 300°C. The door was then closed, and the ETC temperature and apparent gap 
height were recorded over time, with results shown in Figure E.2(b). This shows similar 
behaviour to that seen when the system was heated from room temperature. An initial 
contraction is noted followed by a thermal expansion, which commences when the 
temperature set point is reached, and lasts 10 to 20 minutes. From this, a maximum 
settling time of 10 minutes after the temperature set point is reached, was employed for 
all experimental work, to minimise gap height error and thermal degradation of the 
sample. Furthermore, sample placement was carried out efficiently, so that the ETC oven 
door was not open for a long period, to prevent a temperature decrease below 300°C. 
  

















Figure E.2 Data to determine of (a) temperature stabilisation time necessary before 
gap zeroing and (b) temperature stabilisation time necessary after sample placement at 




E.2 Inertia correction 
Given that the DHR rheometer is a single head rheometer, inertia of the motor can 
introduce an error into the measured data, by causing a reduction in measured torque and 
a large phase angle of ~180°. The DHR system software carries out an inertia correction 
to eliminate this error. In this appendix, this correction was observed to work well for 
PEEK melt but was inadequate for some CF/PEEK data. Therefore, compromised data 
points for CF/PEEK melt were identified and not included in the main analysis. 
The torque caused by motor inertia, IM , is given by (Ta Instruments, n.d.-a): 
 2 0I instM I ω θ=    E.1 
where instI  is the total instrument inertia. The magnitude of IM  increases with the square 
of angular frequency, ω , and therefore becomes a significant source of error at the 
highest values of ω . The presence of this error can be observed in two ways: 
Firstly, torque adds a large phase angle to the phase angle of the sample. This 
normally ranges between 0º for a totally elastic material and 90º for a fully viscous 
material. Raw (uncorrected) phase angles between 90º and 180º are strongly indicative of 
motor torque contribution, which the DHR system software attempts to correct. The 
inertia correction is applied automatically by the system software to the elastic component 
of the material behaviour (Ta Instruments, n.d.-a, Franck, 2003, Ta Instruments, n.d.-c). 
This produces corrected values for phase angle and dynamic moduli. For example, the 
error caused by motor inertia for PEEK melt is illustrated in the raw results in Figure 
E.3(a). An increase in raw phase angle above 90º is observed at ω  values above ~50 
rad.s-1. This is corrected by the DHR system software, resulting in a corrected phase angle 
that decreases smoothly with increasing shear rate. Regarding CF/PEEK measured under 
52 kPa pressure, it also exhibits a large increase in raw phase angle at ω  above ~100 
rad.s-1. However, the software correction does not work well for this material. The high 
raw phase angle is only adjusted slightly by the system software, and the corrected phase 
angle is still greater than 90º at the highest strain rates, and therefore clearly incorrect. 
Additionally, CF/PEEK measured under 313 kPa pressure, exhibits only a small phase 
angle increase at ~400 rad.s-1, which is not corrected by the software. 













Figure E.3 (a) Raw and corrected phase angle versus shear rate for PEEK melt and 
CF/PEEK melt under 52 kPa, in nitrogen and CF/PEEK melt under 313 kPa in air, all at 
380°C, (b) torque due to motor inertia, sample inertia, and torque ratio for CF/PEEK melt 





Another way of viewing the error caused by motor inertia is to compare the 









=    E.2 
where *G  is the as-measured complex shear modulus of the material sample. This 







=    E.3 
where 𝐴𝐴 is a geometric constant for the parallel plate rheometer. The variables SM , IM  
and RM  are illustrated in Figure E.3(b) for CF/PEEK under 52 kPa and 313 kPa.  
It is observed that SM  for both samples is relatively constant over the angular 
frequency range tested, but is approximately one order of magnitude higher for the 
sample measured under 313 kPa, compared to the sample measured under 52 kPa. In 
contrast, IM  is independent of the sample, but increases with angular frequency. For 
CF/PEEK under 52 kPa, IM  reaches values within an order of magnitude of SM  at ~100 
rad.s-1, at which RM ≅  0.1, and is clearly affecting SM  values at ~400 rad.s
-1, at which . 
RM ≅  1.0. Meanwhile, for CF/PEEK under 313 kPa, although RM  values are about an 
order of magnitude lower, a minor increase in SM  is visible at ~400 rad.s
-1. 
From all this it was concluded that for CF/PEEK, once motor torque reaches one 
tenth of the value of sample torque, the sample is no longer measured accurately, 
Consequently, for CF/PEEK, all data points with RM >  0.0002 were eliminated from this 
work. 
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E.3 Shaft compliance 
The measurement of complex viscosity of stiff samples such as CF/PEEK is limited 
by the compliance of the instrument (Ta Instruments, n.d.-b). In a single-head rheometer, 
as the shaft is rotated to induce a commanded strain in the sample, the shaft itself may 
twist, resulting in a reduced strain induced in the sample. More advanced dual-head 
rheometers, which are optimised for samples with low stiffness, feature a force re-balance 
transducer (FRT). For very stiff samples, the FRT may cause a compliance error, which is 
sensitive to angular frequency, to be added to shaft compliance (Liu et al., 2011, Mackay 
and Halley, 1991, Fetters et al., 1991, Gottlieb and Macosko, 1982). To demonstrate the 
effect of compliance in an ARES rheometer from TA Instruments, which is a dual-head 
system with an FRT, Liu et al. (2011) compared measurements of polyisobutylene 
samples at –20°C, made with 25 mm and 8 mm diameter plates. The complex modulus 
measured with the 8 mm diameter plate was a factor of two higher than the complex 
modulus measured with a 25 mm diameter plate. They proposed that the results from the 
larger diameter plate were reduced by system compliance.  
Since the DHR system is a single-head system that does not feature an FRT, only 
elastic shaft compliance needs to be considered. This is defined as the twist angle of the 






=    E.4 
The compliance of the DHR system is C = 2.02 mrad/N.m1. The approach of Liu et al. 
(2011) was not suitable to examine its effect on the off-centred, balanced rheometry test 
in this work, as the samples could not be accommodated on plates smaller than 40 mm 
diameter. Therefore, an alternative approach was employed, in which a compliance 
complex viscosity was calculated for a sample thickness of 140 µm. In Chapter 3, 
transverse complex viscosity of CF/PEEK was calculated as:  













 leads to the complex viscosity that would be calculated by the 
DHR, if the measured strain was caused solely by system compliance. This provides an 
                                                 
1 Value stored in the software constants table on TA DHR rheometer 
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upper limit to the transverse complex viscosity that can be determined using this system. 
All data points presented for CF/PEEK in this work were at least a factor of five below 
these values. To illustrate this, the CF/PEEK transverse complex viscosity shown in 
Figure 3.18(a) in Chapter 3, is replotted here, together with the upper limit for transverse 
complex viscosity due to system compliance calculated above. 
 
 
Figure E.4 Transverse complex viscosity of Suprem™ CF/PEEK as a function of 
angular frequency, at 5% strain amplitude, 380°C, under 52 kPa pressure, in nitrogen, 
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E.4 Weissenberg effect 
The continuous measurement of PEEK melt was limited at high strains by an 
inaccuracy caused by the Weissenberg effect (Barnes et al., 1989). A normal force builds 
up in the PEEK melt at high strain rates in the centre of the plates, which opposes the 
axial force applied on the rheometer top plate. This normal force pushes the fluid upwards 
at the centre of the rheometer plates, resulting in the detection of an increased positive 
axial force. It also results in reduced contact between the fluid and the edge of the plates, 
causing a reduction in the measured viscosity. An example of this behaviour is shown in 
Figure E.5 for an amplitude sweep of PEEK melt. Data points for which a positive axial 
force was recorded, were neglected from further analysis. 
 
 
Figure E.5 Equivalent steady shear viscosity and axial force versus shear strain 







Appendix F Examination of cross-linking in CF/PEEK 
In this appendix, results of two additional tests, carried out to examine if the 
constituent PEEK in Suprem™ CF/PEEK material exhibits evidence of cross-linking as a 
result of processing in air, are presented. 
F.1 Examination of crystallisation exotherms with differential scanning 
calorimetry 
Firstly, Differential Scanning Calorimetry (DSC) analysis was used to determine the 
existence of thermo-oxidative cross-linking of PEEK in CF/PEEK samples, as indicated 
by a reduction in its ability to crystallise. Samples of Suprem™ CF/PEEK material, 
before and after three sequential rheometer tests in air, were analysed in a Perkin Elmer® 
Pyris 6 in a nitrogen atmosphere.  
Results in Figure F.1(a) show that the virgin CF/PEEK sample exhibited a cold 
crystallisation exotherm at 167.3°C, caused by the crystallisation of amorphous PEEK 
material, and a melting endotherm at 345.39°C, resulting from the total melting of all 
crystalline material. This indicates that PEEK molecules participated in the formation of a 
crystalline structure, and further molecules were available to form additional crystalline 
structure. Conversely, the sample that was tested in the rheometer exhibits a complete 
absence of crystallisation isotherms (Figure F.1 (b)). This confirms that the PEEK 
molecules were already extensively cross-linked, as a result of repeated rheometer testing 
in air, and were thus, unable to form any crystalline structure. Similar results have been 























Figure F.1 DSC test results of CF/PEEK comparing (a) Virgin CF/PEEK and (b) 
post repeated rheometer testing in air 
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F.2 Examination of weight loss during processing air with 
Thermogravimetric Analysis 
Secondly, Thermogravimetric Analysis (TGA) was carried out in a PerkinElmer® 
Pyris 1 to determine weight loss due to evaporation of volatile by-products of 
degradation. PerkinElmer platinum sample pans, cleaned after each test, were used. A 
total air flow of 80 ml/min from an oil-free compressed air source provided the air 
atmosphere. Two samples of size 11-12 mg were used for each measurement, with a 
temperature ramp of 10°C/min. All measurements were corrected for buoyancy, and the 
percentage weight loss versus time was calculated with respect to the initial weight. 
Thermogravimetric Analysis (TGA) was carried out on a sample of virgin Suprem™ 
CF/PEEK material. Percentage weight loss was determined at 280°C, 380°C, 400°C, 
420°C and 450°C, with results shown in Figure F.2. An initial weight loss, noted at circa 
200°C, was attributed to moisture loss from the sample (Phillips et al., 1997). Further 
weight loss, attributed to loss of volatile by-products of PEEK cross-linking in air, was 
observed as the temperature reached its measurement value, and during the subsequent 
hold time at this temperature. At each temperature, this weight loss increased linearly 
with hold time. Similar behaviour has also been reported for thermo-oxidative 
degradation of PEEK by Phillips et al. (1997), Nandan et al. (2003), and at temperatures 
in excess of 450°C in nitrogen by Nam and Seferis (1992). 
 
F.3 Conclusion 
The results from this appendix provides evidence to support the conclusion that, 
cross-linking of PEEK melt occurs within the Suprem™ CF/PEEK material, when 






Figure F.2 Results of TGA analysis of Suprem™ CF/PEEK showing the measured 
weight loss versus time at processing temperatures in an air atmosphere for two runs. 
(open symbols indicates the weight of the first run, closed symbols indicates the weight 





Appendix G Plane-strain modulus 
In this appendix, the relationship between shear modulus, Young’s modulus and a 
“plane-strain modulus”, i.e. the effective Young’s modulus in a plane-strain extension or 







     G.1 
If a material element is extended in the x-direction, with a positive strain, x , then 
negative strains result in the y- and z-direction, y  and z , as determined by Poisson’s 
ratio,  , given by: 
 xy z x E

         G.2 
Furthermore, if a material element is subjected to a shearing deformation, the shear 






     G.3 
G.1 Three-dimensional equations 
In the case of more complex deformation, the strain in each direction can be written 
as: 
 .   1x x y zE       .   
   1y y x zE         G.4 
   1z z x yE          
while shear strains are written as: 
 1xy xyG
    
 1xz xzG
    G.5 
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 1yz yzG
     
G.2 Plane-strain approximation 
The plane-strain approximation in the z-direction assumes that no normal strain 
occurs in that direction ( 0z  ), as is the case an infinitely long cylinder for example. 
Additionally, no shear strain occurs in the z-direction, so xz = yz =0. Substituting for z  
in equation G.4, results in: 
  z x y       G.6 
So: 
    1x x y x yE            G.7 










   
  G.8 




   

     
  G.9 





 , and a quantity referred to here as a 







 can be defined, such that equations G.4, can be 
re-written as: 
  1x x yE       
  1y y xE       G.10 
 0z     
and equation G.5 becomes: 
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The similarity in form of the first two equations of G.10, to the first two equations of 
G.4, indicates that, in plane strain, E′  acts as the “effective Young’s modulus” of the 
material, while the shear modulus, G , is the same for the three-dimensional and plane 
strain behaviour. For an incompressible material, 0.5ν = , so 1.33E E′ = , i.e. the 
Young’s modulus is effectively increased by 33%. Furthermore, for an incompressible 
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Appendix H Alternative 40 μm × 40 μm RVE structures 
In this appendix, the different RVEs examined to consider the effects of fibre 
distribution are presented. The results from simulations using these RVEs are expressed 
by the error bars in Figure 5.8 of Chapter 5. The baseline 40 μm × 40 μm RVE, and four 
alternatives are shown in Figure H.1. Comer et al. (2015) characterised the average fibre 
volume fraction of Suprem™ pre-preg to be 60% ± 4% (datasheet value 60%). Hence, 
RVEs with fibre volume fractions in this range were chosen. The volume fraction and 
number of fibres for each RVE are outlined in Table H.1. 
 
 
Figure H.1 40 μm × 40 μm RVEs, showing (a) Baseline RVE, (b) Alternative 1, (c) 
Alternative 2, (d) Alternative 3 and (e) Alternative 4. 
 
Table H.1 Main and alternative 40 μm × 40 μm RVE model details. 
RVE Figure Volume Fraction (%) No of Fibres 
Main RVE Figure H.1(a) 58.53 54 
Alternate 1 Figure H.1(b) 56.57 53 
Alternate 2 Figure H.1(c) 58.75 56 
Alternate 3 Figure H.1(d) 58.93 57 
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Appendix I Shear cell model calculation for CF/PEEK 
In this appendix, the shear cell model of Pipes et al. (1994) is applied to CF/PEEK 
with a 60% volume fraction. This model predicts the increase in transverse shear viscosity 
of a CF/thermoplastic melt due to incorporation of rigid fibres, using the equation: 
 23η κη=  5.1 
where κ  is a fibre volume fraction parameter, η  is the shear viscosity of the polymer 
melt and 23η  is the transverse shear viscosity of the CF/polymer combination. The fibre 







where D  is the fibre diameter and S  is the spacing between fibre centres, leading to a 
spacing between fibres of ( )S D− . Pipes et al. (1994) states that the volume fraction, volF , 






 =  
 
 5.3 
where arrF  is the maximum packing fraction for a given array type. For a hexagonal 
arrangement of fibres; 
 
2 3hexarr
F π=  5.4 











where the average fibre radius is r. Re-arranging gives: 
 ( )2 22 3 volr x F rπ+ =  5.6 
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which is rewritten as a quadratic equation in x: 
 ( )2 22 3 4 3 2 3 0vol vol volF x F rx F rπ+ + − =  5.7 
where 2 3 vola F= , 4 3 volb F r=  and 
2(2 3 )volc F rπ= − . For Suprem™ material, with a 
nominal fibre diameter of 5.2 um, and volF  = 60%, this equation results in x = 0.6 µm, 
leading to a value of S  = 6.4 µm. Substituting this value into equation 5.10 leads to hexκ  
= 5.4. Thus, for a regular hexagonal arrangement of fibres, this model predicts that the 
shear viscosity of Suprem™ CF/PEEK melt will be higher than that of PEEK melt by a 
factor of ~5.4. In fact, this holds for any material with volF  = 60%. 
For a square arrangement of fibres; 
 
4sqarr
F π=  5.8 
This leads to sqκ  = 7.94. Thus, it is concluded for Suprem CF/PEEK with a 60% volume 
fraction, that the shear cell model predicts that the CF/PEEK melt viscosity is close to an 
order of magnitude larger than that of PEEK melt. 
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Appendix J Factors determining the magnitude of drag force 
In this appendix, correlation graphs of the effect of two factors on the magnitude of 
drag forces on RVE fibres, as discussed in Section 5.5.4, are shown. They are vertical 
distance from the bottom of the RVE, and distance to nearest fibre. Figure J.1 shows the 
















Figure J.1 Simulated drag force versus (a) y-distance from the bottom of the RVE, 
and (b) distance to the nearest fibre, showing pressure-drag and skin-friction-drag for all 
fibres in the RVE, plotted at RVEγ  of 1 s
-1 and 5% strain magnitude. Also shown is sF , 
the spring force that the total drag force must exceed for fibre displacement to occur. 

















Figure J.2 Simulated drag force versus (a) y-distance from the bottom of the RVE, 
and (b) distance to the nearest fibre, showing pressure-drag and skin-friction-drag for all 
fibres in the RVE, plotted at RVEγ  of 100 s
-1 and 5% strain magnitude. Also shown is sF , 




Appendix K Four-viscoelastic-branch PRF model for CF/PEEK 
In this appendix, a four-viscoelastic-branch model for CF/PEEK melt at 380°C is 
presented. Model parameters are shown in Table K.1. Behaviour of the model compared 
with RVE data for viscosity at 5% strain amplitude is shown in Figure K.1. This material 
model would give improved matching to the RVE data of Chapter 5, however, it was not 
sufficiently robust for modelling of squeeze flow. 
 
Table K.1: Four-viscoelastic-branch, PRF-model parameters for CF/PEEK melt at 
380°C 
Arruda Boyce strain energy potential  Four-viscoelastic-branch PRF model 
Parameter Value   Parameter Value  
AB  3.5·10
8 Pa  
1s   3.0·10
-5 
m  20.0  1A   7.9·10
-4 Pa-1s-1 
ABD  0 Pa
-1  
2s   5.0·10
-3 
Modulus Instantaneous  
2A   2.37·10
-4 Pa-1s-1 
von Mises Yield stress criterion, y   50 kPa  3s   7.0·10
-2 
Plastic strain  0.0   
3A   1.58·10
-4 Pa-1s-1 
   4s  
0.9 
   
4A  2.37·10
-4 Pa-1s-1 
   
1m , 2m , 3m , 4m  0.0 








n  1.0 
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Figure K.1: Single element response for the four-branch, hyper-viscoelastic PRF material 
behaviour calibrated to CF/PEEK at 380°C, compared to simulated RVE shear data from 
Chapter 5, showing transverse, extensional and compressional viscosity versus strain rate 
at a strain amplitude of 5%. 
 
